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KOCMIYHI  JOCJIDKEHHS,  ATMOC®EPA,  AEPO30JIb, I[IOJIAAPUMETPIA,
KAJIIBPYBAHHS, MOJIEJIb ITOJIAPUMETPIB, OBPOBKA JJAHUX

OO6’exT mocnmipkeHHS: aepo3oii B atmocdepi 3emmi. Merta pobotu: po3poOka Mmojeni
KajgiOpyBaHHs OOpTOBHX I1HCTPYMEHTIB TpoekTy Aepo3oiab-UA, po3pobka Ta CTBOPEHHA
ATOPUTMY Ta TMPOTPAMHOTO 3a0€3MEYEHHs] OIMpPAILIOBaHHS NAHUX 31 CKaHYIOYOTO IOJIIPUMETpPA
Ckanllon Ta MyJibTHCIEKTpATbHOTO iMimkepa-mosipumerpa MCIIL. MeTtomu TOCITIKCHHS:
KOMIT FOTEpPHE MOJICTIIOBaHHS, IIPOTrpaMyBaHHS Ta CTBOPCHHsI QJITOPUTMIB OOpOOKHM JTaHMX,
po3po0Ka METOUK KaiOpyBaHHS.

Po3po0ieHo KOHLENII0 Ta CTPYKTYpy alIropuTMy OOpOOKM NaHUX A OaraTokaHajabHOTO
ckaHytouoro nossipumerpa ScanPol kocmiunoro npoekry Aerosol-UA. MeToro Micii € MOHITOPUHT
IPOCTOPOBO-YACOBOI'O PO3MOALTY XapaKTepHCTUK TpomochepHUux i crparochepHUX aepo30iiB B
atMocdepi 3emii. Y poOOTI 3alpoNOHOBAHO NPOTPAMHY apXiTeKTypy Uil OpOiTaJbHOTO
KajiOpyBaHHsS Ta 1i peasnizaiilo, MPOrpaMHe pIlIEHHS OOpaxyHKY COHSYHHMX 3€HITHHUX KYyTiB JUIS
IUISHOK ~ CIIOCTEPEKEHHS, a TaKOX METOANKY TeorpadiyHoi TpUB’SI3KM  CYIMYTHHKOBHX
CIIOCTEPEKEHb.

JleTamizoBaHO MOJEIb MOJSIPUMETPUYHUX KaHAJIIB 1 PO3POOJICHO METOJMKY BH3HAYCHHS
KajgiOpyBaJbHUX KOHCTAHT 3 MaTemaTtuyHol Mojeni nonsgpumerpiB Ckanllon ta MCIII. OuineHo
MapasuTHI CUTHAJM, MOB’S3aHI 3 PO3CISHHAM CBITJIa Ha HEOJHOPIAHOCTSX ONTHYHHUX EJIEMEHTIB
HOJSIpUMETPIB. B uncenpHUX eKcriepuMeHTax BU3HAYeHO TPaHUYHI NOXUOKK BUMIPIOBAHb CTYICHS
nonspusanii npu peectpanii 3 mnomapumerpamu Ckanllon Ta MCIIL. Pesynbratn poboTn
NpPEJCTaBICHO Yy BHIVIAAI TEKCTy CTaTTi, HajaicaaHoi no »xypHainy Journal of Quantitative
Spectroscopy and Radiative Transfer.

PoGot 3a HOrOBOpOM € TPOJOBKEHHSIM IMIATOTOBKM KOCMIiuHOI Micii Aeposonb-UA,
posmouaroi y 2013 pomi 3a miarpumku L{imeoBoi komriekcHoi mporpamu HAH VYkpainu 3
HayKOBHX KOCMIYHUX JOCTIKCHb.
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NEPEJIK YMOBHUX ITO3HAYEHb TA CKOPOYEHb

— AErosol RObotic NETwork (aBTomMaTruHa Mepexa COHSIIHUX
(hoTOMETPIB HOCITIIHKEHB aePO30JIIO0)

— Aerosol Optical Thickness (Aepo3osibHa ONTUYHA TOBIUHA)

— Aerosol Polarimeter Sensor

— Instant Field of View

— Generalized Retrieval of Aerosol and Surface Properties

— Kanamu nonsipumeTpa y Bi3yalbHIi 00J1acTi CIIEKTpa

— Kananu nonspumertpa y OmkHii iHbpauepBoHiii 0061acTi
CIIEeKTpa

— IndppauepBonmii

— division-of aperture polarimetry

— CkaHyr04Yui oiasipuMeTp

— YabTpadioneToBuii

— KoncTpykTopcbka JoKyMeHTalis

— KoHTponbHO-HaMaropKyBalibHa arnaparypa

— KoHTponbHO-TIepeBipoyHa anapartypa

— KuiBcrkuit HarfioHaybHAM yHIBepcuTeT iMeHi Tapaca IlleBuenka

— MyJIbTUCTIEKTPAIILHUI IMiJDKEP-TIOJIIPUMET]

— JlucraHiiiiHe 30HyBaHHS 3eMIIl

— Snapshot full-Stokes imaging polarimetry



BCTVYII

BrnuB aepo30ipHUX YaCTHHOK, 3BaXKEHHMX B 3€MHIM aTMmocdepi, Ha KimimMaT 3a OaratbMa
OLIIHKaM{ MO>KHA TOPIBHATHU 32 BEJTMYMHOIO 3 €(PEeKTOM MapHUKOBHX Ta3iB. PasoM 3 Tum aepo3odi €
HallMEHII BUBYEHUM KOMIIOHEHTOM aTMoc(epH, B pe3yJIbTaTi 4oro iCHye HEBU3HAYECHICTh B OIlIHIII
BIUTMBY aepo30JIiB Ha panianiiiHuii OamaHc ruraHeTH. bimbmie Toro, iHGopMamis mpo TiIo0ambHIHA
PO3IIO/IT aHTPOTIOTEHHUX aepO30JIiB MPAKTHYHO BIACYTHS, IO BKpall YCKIATHIOE MOJINIICHHS
MOJIeJIE TIEPEHOCY aepo30JiiB B arMocdepi Ta KUIbKICHUW OMUC aHTPOTNOTEHHOTO BIUIMBY Ha
KJIIMAaT Ta Ha JOBKIJLUIA.

Kocmiunmit exciepumeHT Aepo3onb-UA Mae Ha MeTi po3poOKy ABOX I1HCTPYMEHTIB:
ckanytouoro nosisipumerpa Ckanllon Ta MynbTuCEKTpasibHOTO iMimkepa-nongpumerpa MCIII, 3a
JOTIOMOT0I0  IKMX OyZe MOXIIMBO CTBOPUTH 0a3y [aHHMX, SKa IPYHTYETbCSA Ha PETYJSIPHHUX
BUMIPIOBaHHSAX 3 CYNYTHHKA ONTHYHHUX XapPaKTEPUCTHUK aepO30JbHUX 1 XMAapHUX YaCTHHOK B
aTMocdepi mpoTsIromM TpuBaIOro mpomikky 4acy. Jlani 3 npunagie Ckaullom Ta MCIIT HeoOXiaHi
JUIsl BU3HAQYEHHS YacOBOI'O Ta MPOCTOPOBOTO PO3MOALTY KUIBKOCTI, (PI3MUHUX XapaKTEPUCTHK Ta
XIMIYHOTO CKJIaay TpormochepHuX 1 cTparocepHUX aepo30JliB y 3eMHIA aTMocdepi Ta OILIHKH
iXHBOTO BIUTMBY Ha MOTOAY, KJIIMAT 1 CTYIIHb 3a0pyAHECHHS HABKOJHUIITHBOTO CEPEIOBHUIIIA.

PobGoTa mpucssiguena po3poOiii anroputMy 0OpOOKH AaHMX CIIOCTEPEKEHHS IS OAHOTO 3
OCHOBHMX 1HCTPYMEHTIB NPOEKTY — cKaHylodoro nonsgpumerpa Ckanllon. Bin npusnauenuil mis
BU3HAYEHHS 3 BHCOKOIO TOYHICTIO mapameTpiB CTOKca y CHEKTpalbHUX KaHajlaX BiJ OMMKHBOI
yIbTpadioseToBO1 10 KOPOTKOXBUIBOBOI 1H(pauyepBOHOI 00IaCTi B IIMPOKOMY Jiana3oHi Gpa3zoBUX
KyTiB 3 (POTOMETPUYHOIO TOUHICTIO 4% Ta MoNsspuMeTpU4YHOI0 TouHicTIO Kpamie 0.2%. Y poOorti
BIIEpIIe 3pOOJICHO JeTalbHUH OMHC KOXHOTO eTamy oOpoOkw iHQopmarii, 3ampornoHOBaHi
HaAOLIBII peNeBaHTHI PIilIEHHS PO3B'A3Ky KOXKHOI 3 Mim3amad. Takoxk poboTa B cebe BKIIIOYAE
MporpamMHy peali3aiiifo TOJIPUMETPUIHOTO Ta (OTOMETPUUHOTO KamiOpyBaHHS JaHHUX, SIKE
0e31mocepeIHbO BXOIUTh B pO3POOJICHUN aJTOPUTM.

Po3pobka Ta BigmparfoBaHHS OJOK-CXEMH TpakTy KOMII'IOTEPHOI OOpOOKH CHUTHATY
nonsipumeTpiB Ckanllon ta MCIII, a Takox Mopenei kaxiOpyBaHHS UX € TOJOBHUMH TEMaMH
JlaHOTO eramy TpoekTy Aepo3onb-UA. BoHM € MpOMOBKEHHSAM MiATOTOBKH KOCMIYHOI MicCii
Aeposonb-UA, posmovatoi y 2013 pomi 3a miarpumku [{impoBoi komriekcHoi nmporpamun HAH
VYKpaiHu 3 HAyKOBUX KOCMIYHHX JIOCIiIKEHb.



1 MATPUYHHI ®OPMAJII3M JIJ151 OITUCY HOJISIPU3ALIITL CBITJIOBOI XBUJII
1.1 Matpwui ta Bextop [[xoHCca

Jns  omucy monsgpu3alifHUX e(ekTiB y 0araTOKOMIOHEHTHHX CHCTEMax 3pY4YHO
BUKOPUCTOBYBaTH Marpulli J[)KOHCa, IO Jar0Th 3MOTY KOMIAKTHO 3alUCyBAaTH MPOXOKEHHS

yepe3 Hux cBi™ia [1]. TyT cran monspu3aliii CBIT/Ia OMUCYIOTh BEKTOPOM, a CHCTEMY, IO 3MIHIOE
—
el CTaH, - MaTpuler. SIKIo, HAMPHUKIAA, Y CHCTEMY BXOIUTh CBITJIO OMUCAaHE BEKTOpoM A , a

J—
CHCTEMa OIHMCAaHa MaTPHIIEIO ﬁ&, TO BEKTOp A, SKUN OMHCY€E CBITJIO, IO BHMIILIO 3 CHUCTEMH,

oTpumMyemo nepemuoskusim M ta A:

T —
A=F+7 (1.1)
Sxmo cuctema 0araTOKOMIIOHEHTHA, TO BIANOBIIHHNA pE3yJbTaT 3HAXOIUMO IPOCTUM
MIEPEMHOXKCHHSIM MaTPHIIb, 110 BIMOBIIAIOTh OKPEMHUM i1 €JIEeMEHTaM:

E’= ﬂnﬂn_ M o ﬂlﬁ = ﬂﬁ (1.2)
[TepeMHOXYIOTh MATPHUIll 32 XOAOM MPOMEHS, TaK IO BiJpa3y 3pO3yMiJIo, MO Pe3yJIbTaT
3aJIC)KUTH BiJI TTOCIIIOBHOCTI PO3MIIIEHHS €JIEMEHTIB CUCTEMH.
Ile#i mMeTron mMpuUAATHUN 1O TOBHICTIO TOJSPHU30BAHOTO CBITJIA 1 HE MPUIATHUH TIPH HOTO
YacTKOBIM  monspm3amii. SIKm0 Jk  CBITJIO TOJSPU30BAaHE YacTKOBO, BHKOPUCTOBYIOTH
YOTHUPUBUMIPHUI BEKTOD Crokca 1 MaTpuIi Mrosnepa.

H
KoHkpeTusyeMo posriisayBanuii MeTos. Bektop 4 Mae KoMIOHeHTH, sIKi 36iraioThes 3 X Ta Y-
KOMIIOHEHTaMHU EJIEKTPUYHOTO BEKTOpa CBITIOBOI XBWJII y BUOpaHid TPSIMOKYTHIH cHCTeMi
KOODP/IMHAT:

(1.3)

ne B = Egre'¥x; B, = Ey .e'fr
Bupakaioun KOMIIOHEHTH EJIEKTPUYHOIO BEKTOpa CBITJIOBOI XBHJII Ha BUXOMAl 4epe3 ioro
KOMITOHEHTHU Ha BXOJ[i CUCTEMH:

E? = aE, + bE,,

1.4
E*=cE, + dE,, (4
OTpumaeMo CHiBBIIHOIICHHS:
E.n,-: _ |& b Ex (1.5)
E;; ¢ d E;,r .

abo
- _la b7 _
a=| dlﬁ-ﬁ*ﬁ (1.6)

AK€ CBimUUTh, MO enemMeHTH Matpuni JIkoHca 30iraioTbes 3 KoedilieHTaMu JiHIHHOTO

neperBopeHHs (1.4).



1.2 Marpunus Mromepa. Bektop Ctokca

3a pomomoror BekTopa CTOKca MOKHA OIMCATH CBITJIO, IMOJIAPU30BAaHE MOBHICTIO ab0
4acTKOBO. L{i HOB1 MOXKJIMBOCTI BUHMKAIOTh 3@ PaXyHOK TOT0, 1110 BeKTOp CTOKCa YOTUPUBUMIPHHIMA
(BexTop Jl»oHca - TBOBUMIpHHUIA), a BIANOBIAHI MaTpulli Mromiepa Matoth 4*4. Marputi JxoHca
PO3paxoByIOTh, Koe(dilieHTH MaTpullb Mroiiepa BUMIpIOIOTh. SIKIo BimoMi maTpuii Miomiepa
OKpEMHUX KOMIIOHEHT TMOJISIpH3aliiHOl cHUCTeMH, 1i BIUIMB Ha TaJaloYMid MY4YOK CBiTJIa
PO3paxoBYIOTh NIISXOM MEPEMHOKEHHS MaTpUIb Y TOPAIKY, IIO BiAMOBIA€ PO3MINICHHIO
€JIEMEHTIB JOCIIIKyBaHOi cucTemu [1].

Sxmo A ta B — aMmiTyau X- Ta y-KOMIIOHEHT CICKTPUYHOTO BEKTOpa, a & = @y — ﬁy -

3cyB (a3 Mixk HEMH, To mapameTpy CTOKca S; BUBYAIOTH TaK

S, = (42— B%),
S, = (4% — B?),
S, = (2ABcos &},
S, = (2AB sin &},

Bonu nos’s13aHi Mixk COO0K0 OUEBHUIHAM CIIIBBIJHOIIEHHIM

S =S+ 5%+ 52 (1.8)
Hyxxku y (1.7) BU3HA4al0Th yCepeaHEHHS 3a MPOMIXKKOM 4acy, HEOOXITHOTO ISl peecTparii

(1.7)

ceitna. [Tapamerpu S;e kommnonenTamn 4-sexropa CToKCa § :
o
§= g: . (1.9)
3
Sxmo nporopmysatu (1.8) Ha Sy, To criBBigHOmEHHS (1.7) MOkKHA 3aMUCATH SK
Sy =1,
§,=x =cos 2ycos 2y,
Sg=y=cos2ysin2y,
8y — 2 — —sginidy,
10 JIa€ 3MOTY BU3HAUUTHU JIEKAPTOBI KOOPJAMHATH TIEBHOT TOUKH Ha chepi OMMHUYHOTO pajiyca
(Bimomuit y nbomy miasi sik cepa [lyankape). @izuunmii 3MIiCT IUX TapaMeTPiB MOKHA 3pO3YMITH

(1.10)

3 Takux MipkyBaHb. 3 piBHaHHS (1.7) O4YeBHIHO, W0 TapameTp g HPONOPLiHHKE 10
iHTEHCHBHOCTI CBiTNa; Sy — 3pocTac 3 POCTOM X-KOMIIOHEHTH (A) Ta i3 3MEHIICHHSIM Y-
koMrioHeHTH (B) mons 1 Ha 1ili OCHOBI € KOMIIOHEHTOIO 3 TEPEBaXKAIOUOl ‘‘TOPU30HTAIBHO”

nonspumsamiero. IIpy 4uCTO TOpH3OHTaNBHIKH momapmsanii Sy = 8¢, mpu umcTo BepTHKANBHIiL
NiHilHIA nonapuzanii &3 = —Sg. INapamerp S3 nocsarac makcumymy npu & = 0 ra A=B ie
mapaMeTpoM IepeBaXkaiodoi momspusanii mig kytom 45°. ITapamerp &3 MAaKCHMAIbHHH IIpH

Fr . X3 see
== 7 A=B, ToMy Mae Ha3By mapameTpa MepeBaxHO MPABO-IUPKYISPHOI TOSAPU3ALLi.



Bekropu Crokca mjis onucy MoJIIpU3allii, SKi 9acTO TPAIUITIOTHCS MPU PO3PaXyHKAX, MAIOTh
TaKUW BUTJIAI;

IS TIPUPOTHOTO CBiTIIA (¢sin @} = {cos@} = 0):

_ 10
s=a|- (1.11)

_ |1
s=15/- (1.12)

JUTSL TIHIAHO MOJIIPU30BAHOTO CBITIA 3 a3UMyTOM 45°:

1

_ |0
§=3| (1.13)

0

JUTSI ITHIAHO MTOJIIPU30BAaHOTO CBITIIA:

1

_ |0
g = ME (1.14)

1

3aranpHa popma Matpuil Mrosuiepa 3aniCcy€eThCsl HACTYITHUM YHHOM:
@31 @2 €3 Gq
i = gy €gzz @Gzz Hag (1.15)
gy €zz Gzz Hag
gy Ggz Ggz gy
JIyist BU3HAYCHHS €JIEMEHTIB MaTpHIll Mrojuiepa MeBHOTO MPUCTPOIO MTOYEPTOBO TOCHIAIOThH Ha
HBOTO TIPUPOJHE CBITIIO, JIHIHHO TOJSpH30BaHE CBITIO 3 azumyTtoM 0° Ta 45° i HMUPKYISApHO-
MOJISIPU30BAHE CBITJIO Ta JOCIIIKYIOTh PE3ybTaT Al Ha BUXOJI MPUCTPOr0. OTPUMYEMO YOTUPH
MaTpudHi 2060 16 MIHIHHUX PIBHSAHB JUIsl BUSHAUYCHHS 16 mIykaHux KoeirieHTiB ey

SIKIo a3uMyT JOCHIKYBAHOTO €JIEeMEHTa HE PIBHUU HYJIEBi, TO CIoOYaTKy Bix oceil X ta Y
noTpiOHO TeEpedTH 10 BIACHUX Ocel eleMeHTa (MOBepHYTH Ha KyT J¥), TOTIM BHKOHATH
MEPETBOPEHHS, OMKMCAaHEe MaTpulero M, 1 mepedTH 10 BUXIIHUX oceil (MOBOpOoT Ha KyT —X).

V3aranbHeHO MaTpunro MIOJ'IJ'Iepa H 3alIMmeMoO TaKMM YHMHOM

M = T(—)MaT(x) . (1.15)

1 0 0 0

10 cosZy sinZy O
rCo= ¢ —sin2y cosZy O (1.16)

0 0 0 1

Sxmo A0 mepmioro, APYroro Ta iH. €JIEMEHTIB CHUCTEMH IO XOJIy IMPOMEHS OIMHCYIOTh
MarpuisiMu M, M, ..., To napamerpu Crokca Spp, Si2... , 110 JalOTh 3MOTY ONKMCYBAaTH Iy4YOK
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CBITJIa HA BUXOJi CHCTEMH, PO3PaXOBYIOTh IMEPEMHOKEHHIM MATPHIb CIIPaBa HAJIBO BiJMOBiITHO
10 opMyu

SC‘E '901
312 311

= M., =M, =M, * , 1.17
O e A 7
SEE '9-31

Je TeplHuid 1HACKC MPU CHUMBOJI BH3HAuae mapamerp 3rigHo 3 (1.7), mpyruii — BKazye
MOJIO’KEHHS My4Ka: Ha BXo/i cuctemu (1) um Ha BuxXoi 3 Hel (2).

Matpuunuii onuc Aii ONTHYHOI CUCTEMHU Ha CBITJIO KOMIAKTHHM 1 MOXe OyTH CHpOILIeHUN
BJIAJTUM BHOOPOM a3MMYTiB (B3a€EMHHM PO3MIIICHHSM HANpPSMKIB KOJIMBaHb B €JIEMEHTAX CUCTEMHN),
OJIHAK PEaTbHUM Pe3yJIbTaT TaKoi A1l MOKEMO MOOAYUTH JIMIIE IMICJIsI BUKOHAHHS BCIX Omeparii
MHOXEHHS MaTpUllb. 3a3BUYail OTPUMYIOTh CKJIa/IHI BUPA3H.

Opmnak, BIIOMO YMMAJO CHUTYaIlli, KOJM TMOTPIOHO KOPHUCTYBATHUCS HANOUIBII 3araJlbHUMH
BUpa3aMM U1 MaTpullb Mrojuiepa. 30Kpema, MpH BHUBYEHHI MPOCTOPOBOI JAMcHepcii CBITJIA Y
KpUcTanax (eNINTHYHE JBOIPOMEHE3AJIOMJICHHS), ONTHYHHUX BJIACTUBOCTEH KpHUCTaNIB Y
HECyMipHil (a3i TOILIO, CTHKAEMOCS 3 CHUTYaLi€l0, KOJMU JOCHiIKYBaHI €()eKTH MOXYThb OyTH
CyMIpHUMH 3 e(eKTaMHu, 3YMOBJICHHMHU HEIOCKOHAIICTIO ONTUYHUX EJIEMEHTIB (TepMivHi
HaNpy>KEHHs y BIKHaX KpIiOCTaTiB, HEMOBHA TOJSIpHU3aIlis CBIiTIa Yy TOJISIpU3ATOpax, HOTO

Jenonspu3allis Mpy po3CiloBaHHI, HEAOCTATHLO TOUHEe BeTaHoBIeHHs asumyTiB & = 0 i 1. m.). ¥V
ILOMY BHIIaAKy MeTon Miomuiepa, OnyMcaHuil y BUTIAN MaTpHIb 3 asumyTamu enementis & & 0
A€ MOXIJIUBICTH OI[IHUTH €KCIIEPUMEHTAIIbHI MOXUOKU, BUSBUTH HANOUIBIN «Bpa3juBi» Micls B
orTHuHiii cucremi. V Takux Bumipax iimersest npo kytn @ 2 107 — 1073 rpagyca, mo mae
YSIBICHHS TIPO TIOPSAZIOK BEJIMYMH Ta BUMOTH JI0 €JIEMEHTIB CUCTEMH.
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2 KOCMIYHMI EKCIIEPUMEHT AEPO30JIb-UA: 3ATAJIBHUI CTAH

['onoBHOIO MeTOI0 KOCMiYHOTO MpoekTy Aerosol-UA € oTpuMmaHHA [NaHMX BHUMIPIOBaHb 3
CYITyTHUKA ONTHUYHUX XapaKTEPUCTHK aepo30JbHMUX 1 XMapHHX YaCTHHOK B artMocdepi 3emui
OPOTATOM JIOCHTh TPHBAJIOTO0 MPOMDKKY dYacy. CTBOpeHHs 0a3u TaKMX JaHUX HEOOXiTHO s
BU3HAYCHHS BIUIMBY aepo30JIi0 Ha pafiauiiiHuii 6ananc armochepu 3emii i Ha KJIIMaT IJIAHETH.
Bimomo, mo B gaHWii Wac HemocTaTHRO iH(OpMamii aJis SKICHOTO BHU3HAYCHHS BIUIMBY BiJ
aepo30JII0 K MPUPOIHOTO TaK 1 aHTPOIIOTCHHOI MOXO/DKCHHS. baza Takux JaHWX HEOOXiJTHA IS
BHU3HAYEHHS YaCOBOT'O Ta MPOCTOPOBOTO PO3MOLTY KIITBKOCTI, (PI3UIHUX XaPaKTEPUCTHK Ta XIMIYHOTO
ckiaay TponochepHHX 1 cTpaTocepHUX aepo30JI0 1 XMAPHUX YACTHHOK Yy 3€MHINM atMocdepi Ta
OLIIHKU IXHBOTO BIUIUBY Ha MOTOJY, KJIIMAT 1 CTyMiHb 3a0py/THEHHS! HABKOJIUIITHBOTO CEPEIOBUIIIA.

Kommuiekc HaykoBOi anmapaTypu KOCMIYHOTO ekcriepuMeHTy Aerosol-UA ckimamaeThes 3 ABOX
00’€THaHUX Y MOHOOJIOK TIPUTIA/IIB:

e CKaHyr4oro nousipumetpa ScanPol;

® MYyJIBTHUCIIEKTPAIILHOTO iMipKepa-noisipumerpa MSIP

3a momoMoror HuUX Oyjae MPOBOJUTHCS BHUBYCHHSI 3 OOPTYy KOCMIYHOTO amapara Ha HOBIH
opOitanpHii maTdopmi YuzhSat rmoGambHOTO po3moAUTy Ta MIKPOQI3HUHHX XapaKTEPUCTHK
aepO30JIbHUX YaCTUHOK Ta XMapHUX YTBOPEHb B aTMocdepi 3emii.

2.1 Cxkanytouwnii nonsipumetp ScanPol

Ines Ta xoHIENIisA cKaHytouoro nojsipumerpa ScanPol excriepumenty Aerosol-UA 6a3yeTbest
Ha po3poOkax kocmiyHoi Micii NASA Glory, meToro sikoi OyB MOHITOPHUHT MPOCTOPOBOTO 1
94acoOBOTO PO3MOJLTY OCHOBHHX XapaKTEpUCTUK TpomochepHUX 1 cTpatochepHHUX aepo30iiB B
atMocdepi 3emui 3a nornomororo noispumerpa APS [2, 3, 4]. Oanak, excnepument Glory He OyB
BUKOHAHUH Y 3B 53Ky 3 TEXHIYUHUMH MpoOIeMaMu pakeTU-HOCIS MmijJ yac 3amycky. Ha BigmiHy Bix
APS y nonsipumetpi ScanPol KUIbKICTh CHIEKTPaIbHUX KaHAIIB 3MEHILIEHO JI0 MECTH Y MOPIBHAHHI
3 monsipuMeTpoM APS, ane BBeIeHO HOBUWI CIIEKTpaJbHHMI KaHaid Ha JOBXHUHI XBuial 370 HM.
OpOiTaneHuil ckaHyrouuii monsipuMetp ScanPol mpu3HaueHWid A BUMIPIOBAHHS 3 BHCOKOIO
TouHicTIO mapameTpiB Crokca [, O, U y cnekTpalbHAX KaHajax Bif OMMKHBOI yIbTpadioneToBoi
(Y®) no xopoTkoxBwIb0BOi iH(ppauepBoHoi (IY) obmacTi B mmpokomy aiana3oHi (a3oBUX KYTiB 3
doroMeTpuyHOIO TOYHICTIO 4% Ta monspuMerpuuHoro TouHicTiIo < 0.2%. Ilonspumerp ScanPol
CKIIQ[IA€ThCA 3 CKAaHYIOYOi CHUCTEeMH 3 JBOX M3€pKaji, MpHU3HA4YeHOI s mepedadl COHSYHOTO
BUIIPOMIHIOBaHHS, PO3CISHOTO OCHIPKYBaHUMHU AUISHKAMH CHCTEMHU aTtMmoc(epa-moBepXHs, Ha
BXiJHI 3IHHUIIl BCIX ONTUYHUX OJIOKIB ogHOouacHO. [lapa m3epkan yTBOPIOIOTH MOJISIPU3AIIHHO-
HelTpanpHy KOMOIHAIlo, ska poOuTh Onm3bko 40 00epTiB 3a XBWIMHY B IUIOLIUHI OpOITH
KocMigHOTO anapara. KyToBuii fiana3oH ckaHyBaHHS MOBepxHi 3emiti ckiaaae Big —60° mo +50°Bix
HaTpSIMKY B HaJHp.

[TomstpuMeTp MICTHTHh YOTHUPH ONITUYHUX OJIOKH, 11BA 3 SIKUX 3a0e3MeuytoTh poboty YD kanamy
Ta KaHaIB y BUIUMoMy aianasoHi crektpa (VIS—1, VIS-2) 3 poGounm cniekTpanbHUM Jialia30HOM



12

370-555 um, a nBa (IR-1, IR-2) — y Omu3ekiii [Y minsHII CHEKTPY 3 pOOOYMM CHEKTPaTbHUM
niamazonoMm 865-1610 M (muB. puc. 2.1.a). CrekTpaibHi KaHamu nojspuMmerpa OmokiB VIS
BUKOPUCTOBYIOTHCSl JIJIS OIIHKK TOTJMHAIOYOI 3JaTHOCTI TPOmoc(epHOro aepo3oyo Ta HOTo
BepTUKAJIbHOTO po3noaury (kaHan 370 um, AA=10 HM), 30HIyBaHHS aepoO30JII0 HAJl OKEaHOM Ta
3eMHOI0 TOBepxHEI0 (410 M, AA=20 HM), A7 BU3HAYEHHS KOJBOPY OKEaHy Ta 30HIYBaHHSA
aepozono (555 um, AA=20 um). OnTuuHi 60ku IR MicTATH criekTpalibHI KaHalu, HEOOXiIHI IJis
30H/IyBaHHS a€pO30JI0 HAJl OKEAaHOM Ta cymiero (kaHai 865 uM, AA=40 HM), I BIJOKpEMIICHHS
CHUTHAJly XMap IHUpPYyCiB 1 cTpaTrochepHUX aepo30iiB, 1 BIJOKPEMJIEHHS TpOHmochepHUx Ta
cTpaTocepHUX aepo30JIiB B pa3i MOTYKHUX BUBEpKeHb BynKaHiB (1378 am, AA=40 HM), a TakoX
KaHaJI JIJIsl OLIHKHA BHECKY IMOBEPXHI Y BUMipIoBaHUH curHan Haj cymero (1610 am, AA=40 um). Y
Jy’)KKaxX BKa3aHl JOBXKMHA XBHUJII MaKCHUMyMYy IPOITyCKaHHS KOXHOTO CIEKTPAJIbHOTO KaHaly Ta
HaIlIBIIMPWHA Jialla30Hy MPOITyCKaHHS AA.

OnTuuHy cxemy MpHJIagy MOKa3aHO Ha puc. 2.1.a KOXXeH 3 ONTUYHHX OJIOKIB CKJIAJA€ThCS 3
HACTYIHHUX €JIEMEHTIB (MOCHiIOBHO, MO XOJy MPOMEHS BiJl CKAaHYIOYOi CHCTEMH): BXiJHOTO
00’exTuBa, MO HOpMYy€E MPOMIKHE 300paKEHHS JTOCHTIKYBAaHOTO 00’ €KTa, MOJIKOBOI Aiadparmu (Ha
puc. 2.1 He MOKa3aHo), KOJIiMaTopA.

18211922 20 22

1 8.
gais,
3

7 ‘8 91020 11 2117

(6)

Pucynok 2.1 — Ontuuna cxema mossipumeTrpa ScanPol (a) Ta 3arambHMiA BHUTJIS ONTHKO-

MexaHiuHOTo 010Ky (0).

Ha ontruHniit cxemi nmonmsipumetpa ScanPol Ha puc. 2.1.a HaBeIeHO HACTYITHI MTO3HAYEHHS:

1-4 — nBoA3epKaNbHA CHCTEMa CKaHYBAaHHS, 5 — BX1THHIA 00’ €KTUB onrTuuHOTO 010Ky VIS, 6 —
BXITHUN 00’ekTuB onTu4yHoro Omoky IR, 7, 8 — komimarop Ta mpusma Bomactona, 9-14 —
IUXPOiYHI J3€pKaja BIAMOBIAHUX CIEKTpalbHUX Mdiama3oHiB, 15-20 — cucremMa KaMepHHX
00’exTuBIB Ta iHTepdepeHIiiHuX GIIBTPIB AN BIAMOBIIHUX CHEKTpalbHUX KaHamiB, 21, 22 —
npuiiMayl BUTPOMIHIOBAHHS JIJIsl BUIUMOTO CIIEKTpaIbHOTO Jaiana3zoHy Ta [Y-maiana3ony.

3araqbHUI BUTJISAA ONTHUKO-MEXaHIYHOTO OJIOKY 300paskeHo Ha puc. 2.1.0 Ta Mae Taki
MO3HAYCHHS:

1 — xoprryc, 2, 3 — By30J BXigHOTO 00’€KTHBA Ta KoJiiMaTopa onTHaHOTo 00Ky VIS Ta IR, 4,
5, 6 — By3:11 IpU3MHu
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[Tpu3mu BonacToHa po3mIerIrol0Th BUIIPOMIHIOBaHHS! HA KOMIIOHEHTH S 1 P 3 opToronaipHOIO
MOJISIPU3ALIEI0 1, TAKAM YMHOM, BIIIrparOTh POJb aHANII3aTopa, CUCTEMHU IUXPOITYHUX A3epKaji Ta
iHTepdepeHIiianX (DUIBTPIB BUAUISIOTh HEOOXITHWN BY3bKHW CIIEKTPAJIbHHMA miama3oH AA, Ta
KaMepHi 00’ eKTHBU (OPMYIOTH 110 J1Ba 300pakeHH (S 1 P) Ha mpuitmMayax BUNpOMiHIOBaHHS (pHC.
2.1.a).

2.2 MynpTHCTIEKTpaTIbHUN IMipKep-nioasipumeTp MSIP

MSIP ckmanaeTbcs 3 M ATH ONTHYHUX KaHATIB, TPU 3 SKUX TOJSPHU3AIiNHI, a JBa
dbotomerpuuni (muB. Tabmuio 2.1). Takox HaBeAeHI TOBKHHU XBWJIb, Ta BIAMOBIIHI
XapaKTEPUCTUKH aepO30JIiB, SIKi BA3HAYAIOTHCS.

Ha puc 2.2 HaBeneHo cxeMaTW4yHE 300paKeHHS KaHay, SKEe LJIFOCTPY€E MPHUHIMIT TOOYI0BU
300pakeHb B (pOKaNbHIN MJIOMIMHI MosipuMeTpa. 3 (OTOMETPUYHOI TOUKM 30pYy Bci kaHamu MSIP
po3aiieHo Ha ABI rpynu — KOpOTKOXBWILOBI (400-500 M) 1 moBroxsmiboBi (500-920 HM).
Kamepu 0060x rpyn moaiOHi Ta MaKCUMaIbHO YHi()iKOBaHi.

Ta6mums 2.1 — CnextpanpHi aianazonu MSIP Ta ix xapakrepuctuku. CumBosioM P 3a3HadeHo
MOJJIMBICTh TIPOBEICHHS MOJIIPUMETPUIHUX BUMIPIOBAHb.

IlenTpanbHa TOBXHUHA
Ne kanany | XBuii, HM (HamiBIIMPHHA, ITapameTpu, 1110 BU3HAYAIOTHCS
HM)
1 410 (20) P .HOI‘JII/IHaHHSI aepo30JIeM Ta MOHITOPUHT
caxi (black carbon)
) 443(20) [TornmuHaHHS aepo30JieM Ta BUCOTA
aepO30JILHOTO TIapy
3 470 (20) [TapameTtpu aepo3oito
4 490 (20 Aepo30:1b, anpbe10 MOBEpXHi, ONTHYHA
(20) TOBIIMHA XMap, MMOKA3HUK BIAOUTTS BiJ XMap
5 555 (20) P Anp0e0 oBepxHi
6 670 (20) [TapameTpu aepo30:ro
. 865 (40) P POCJ‘II/IH~HiCTB, aep‘oaoni, XMapu,
0COOJMBOCTI TIOBEPXHI
8 936 (20) Bonsina mapa, kopekiiis 3a armochepy
B ckitag K0’)KHOTO 13 OJISPHU3AIIHHIX ONITUYHUX KaHAJIB BKIFOUEHO:
1. IIUPOKOKYTHUHM BXIAHUH 00’€KTUB, TpU3HAYCHHS SKOrOo (OPMYBaHHS 3aJIaHOTO
TOJIsI 30py Ha TMOJILOBIN Jiadparmi;
2. KoJIiMaTop, o GopMye CHUCTEMY MapajebHUX MPOMEHIB JUIsl POXOKEHHS OJIOKY
“nonsipoin — GiIBTp — Mpu3MH”;
3. KOMITO3UTHHI EJIEMEHT, 10 PO3JUISE BUXIIHY 31HHIIO HA YOTUPU CETMEHTH;
4. GbinbTp MU BUAUIEHHS poO0Y0i JOBKHUHU XBUJIl KaHATY;

5. aXpOMATHYHI IPU3MHU VISl PO3BEJICHHS YOTHPHOX 300paKeHb OISl 30PY;
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6. KaMepHUH 00’ €KTHB ISl JOpMYBaHHS 300paKeHb TOJIS 30PY .
Pucynok 2.2 imroctpye cknax xanamy MSIP ta xim mpomeHiB sKi mokas3aHi JJisi BEPXHBOI
YBEPTI CUCTEMHU TIPU3M.

2 4a 4b  4e 6
! /
=S 1 - .
=
B L:é

1 3 4 5

Pucynok 2.2 — Xig npoMeHiB B onTHaHOMY KaHaii nmomsipumerpa MSIP mis 400-500 HMm.

CxeMa x0/1y TPOMEHIB B OITHYHOMY KaHaJIl TOJISIPUMETPa Ha pPHC. 2.2 Ma€ Taki MO3HAYCHHS:

1 —mupoKoKyTHUH BXigHUI 00’ €KTUB; 2— miadparMa mois 30py; 3 — KoniMmarop; 4 — cuctema
pO3BENIeHHsI 300pakeHb y CKJaai: 4a — KOMIIO3UTHUH MOJSApU3ALIMHUN €JIeMEeHT, 4b —
CHEKTpanbHUM (PinbTp, 4¢ — OJOK aXpOMATUYHUX MPHU3M Ul PO3BEJCHHS YOTHPHOX 300pa)KeHb
HOJIS 30pY; 5 — KaMEpHUN 00’ €KTUB; 6 — MaTPUYHUN TpUiMay BUIPOMIHIOBAHHSI.

VY ckmani KoKHOT ONTHYHOI CUCTEMH (DOTOMETPUYHOTO KaHaTy 4a — CKIIaJOBHIA CIIEKTPaTbHUN
GUTBTP, 10 BUKOHYE Ty XK (YHKIIIIO — PO3JIUTIOE BUXIIHY 31HHIIO HA YOTUPH CEIrMEHTH, €IEeMEHT 4b
BIJICYTHIH.

Bxinna wactmra kanaiy MSIP cdopMoBana 3a KIACHYHOIO CXEMOK HIUPOKOKYTHOTO
1HBEPTOBAHOTO TenedOoTO00’ EKTUBY 1 CKIANAETHCS 3 IBOX YaCTHUH: OOEpHEHO1 cucteMu [ amines Ta
BJIaCHE 00’ €KTUBY 3 anepTypHOIO AiadparMoro Oiisi HbOTO.

Cuctema lamines posmmpioe mosie 30py, a ii MOTYXHHH BiJ’ €MHHH KOMIIOHEHT (opmye
HETraTHUBHY KPUBHHY TIOJIA BCi€T CHCTEMH. 3aBISKH bOMY KOHCTPYKIIiSl KAMEPHOTO 00'€KTHBA MOXKE
OyTH crIpoIeHa 10 TBOKOMIOHEHTHOTO, Y BIAMTOBITHOCTI i3 peKOMEHAaIis MU poOoTH [5].

Hampukinii BXiAHOT 9acTUHU, miepes niadparMoro mojis 30py, BCTAHOBIICHO JiH3y—KOJICKTHB,
10 BUKOHYE JIBI (DYHKIIIl: BUIPABICHHS JCIKUX adeparliii Ta, M0 BaXJIMBIIIE — MEPCHECCHHS Ta
dbopMyBaHHS BHXIIHOI 31HHWINl Yy TUIONII CEKTOPHOTO TMOJSIpU3aTOpa Ta TPHU3MEHHOI CHCTEMH
po3BeneHHs 300pakeHb. KomiMatop ocoOimBOCTE HE Ma€, 3a BHHITKOM 3BOPOTHOI CKIICHKH,
3aCTOCYBaHHA $IKOi Jae€ 3MOry 3MeHIIUTH alepamii Ta 30amaHcyBaTH ix 3 alepauisMu
JIBOKOMIIOHEHTHOTO KaMEpPHOI'0 00’ €KTHBA.

Jns anamizy miHiMHOT monspu3aiii HeoOXiHO BHKOHATH YOTHPH BHMIPH IHTEHCHBHOCTEH
BUIIPOMIHIOBaHHS, 110 MPOWIIM 4Yepe3 aHali3aTopu mnojspusauii. bymo po3pobieHo cekTopHHi
MOJIIPU3aTOP HAa OCHOBI KOMEPIIIHHUX ToJspu3aliitaux miiBok kommanii Edmund Optics. Bkasani
TUTiBKK OyJId OpieHTOBaHI 3 mo3uIinauME Kytamu 0°, 45°, 90°, 135°, a moTiM 3akiieeH MiX JBOMA
3aXxUCHUMHM BikHam#. CTyIiHb 3aTEMHEHHS TOTO YW IHIIOTO CEKTopa UIIOCTPYE poOoTy
MoJISIpU3aIliiHoTo enemMeHnTa. [loBHE 3aTEMHEHHS y CEKTOpl BIAMOBiJAa€ BUMAAKY KOJIH BEKTOP
€JIEKTPOMArHiTHOrO TMOJsl BUIPOMIHIOBaHHA Ta MoOJsApU3aliifHa BICh NOJAPOina B3aEMHO
NEPIEHINKYIJISPHI, CBITIMHA CEKTOp — BEKTOp €JIEKTPOMArHiTHOrO MOJs BUIPOMIHIOBAHHS Ta
noJsipu3aliifHa Bich MOJSAPOIa B3a€EMHO HapalieibHi.
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Pucynok 2.3 — Cuctema po3BeneHHs 300paxkeHb: | — migkianka, 2—4 — mapu axpoMaTHIHUX
KITUHIB JJI1 KOXKHOTO 3 YOTUPHOX KaHAIIB.

Jns po3BefeHHS YOTHPHOX 300paKeHb CIIOCTEPE)KYBAHOTO OO0 €KTY BHKOPHUCTOBYETHCS
CHCTEeMa BIIXWIIIOYUX TPU3M, axpomMaTu3oBaHux g pgianazony 400-900 wm. Cucrema
CKJIQIA€ThCs 3 BOX CKJIeeHUX KIHMHIB 31 cTexon K108-d101 B koxxHomy kaHai (puc. 2.3).

3 ornsaay Ha yHi(iKalil0o ONTHUYHUX CXeM KaHaiiB nojspumerpa MSIP sk kopoTko- Tak i
JOBFOXBWJIBOBOTO  [ialla30HIB, yCi KaHald MaloTh Maike OJHAKOBY KOHCTPYKIIIO, sKa
BIJIPI3HAETHCS JIMIIE JESKUMHU BifCTaHAMHU MK JiH3amu. KonctpykTtuBHO mnomsipumerp MSIP €
CYKYITHICTIO BY37iB, Moka3aHux Ha puc. 2.4. Lli By3mu 3’€IHYIOTBCS 3a IOMOMOTOIO (pIaHIIiB.
["aGapuTu ogHOTO KaHamy: noBxuHa — 302 MM, HalOUTBmMIA giamMeTp — 86 MM ((iaHenb Kamepn),
cyMapHa Maca yCixX ITATH KaHaliB — 4 Kr. 3araJibHUil BHIJIS KOHCTPYKIII OKpPEMOro KaHally
MOoKa3aHui Ha puc. 2.4.

Pucynok 2.4 — 3aranpHuil Burisin ontuuHoro kanaimy MSIP (nmonspumerpuynuil kaHan 555
HM) Y pO3pi3i.

Cxema 3aragpbHOTO BHUIJISIy ONTHYHOTO KaHaimy MSIP y pospiszi Ha puc. 2.4 mae Taki
MO3HAYCHHS:
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1 — BXimHUil 00’eKkTUB; 2 — KOJiMarop; 3 — moysipu3arop ta QuieTp; 4 — OJOK KIMHIB; 5 —
KaMepHUi 00’ €KTUB; 6 — mpoMikHUH QuaHenp; 7 — [133-kamepa.

2.3 Monudixkaris iHcTpyMeHTiB ScanPol Ta MSIP nyis Bukopuctanss Ha miaatgopmi Yuzhsat

s 3a0e3nedeHHss BUMOT TpoBeneHHs excriepuMmeHnty Aerosol-UA nHa miardopmi Yuzhsat
PO3pPOOHUKAMHU TIPOCKTY BHKOHAHO cyMimlleHHs OoproBux mpmianiB ScanPol ta MSIP B onun
CYUITbHUHA MOHOOJOK, 3rifiHO mapameTpiB miatdopmu. Komr’ioTtepHa MOAEns pe3ysbTyHOUOro
MOYJIsl 300pakeHa Ha puc. 2.5, 3arajibHa ONTHYHA cXeMa — puc. 2.6.

[Tapametpu MmoHOO0KY ScanPol+MSIP (auB. puc. 2.5):

e Tabapuri: 540x300x350 MM’ (TOBXKHHA X MIMPHHA X BUCOTA)

e OpienToBHa mMaca: 22 Kr

e Cepennbo1000Ba CIIOKMBYA MOTYKHICTh, OpieHTOBHO: < 50 BT

e Ominka 00’eMy JaHWX JJIS TIepenadi 3 CYIMyTHHKA Ha MpuiManbHi craiii: ScanPol: < 0.2
['6/mo6a, MSIP: < 37 1I'6/mob6a, mpu 3acTOCyBaHHI aJrOPUTMIB CTHUCHEHHs 300paxkeHb 5 — 7
I'6/n006a.

MakeT po3ranryBaHHS 1HCTpyMeHTIB mpoekTy Aerosol-UA Ha cymyTHHKOBIM miatdopmi
YuzhSat naBeneno Ha puc. 2.7.

Pucynok 2.5 — Tlonsapumerpu ScanPol+MSIP y kon¢irypauii eannoro moxyns Aerosol-
UA: aganraris 1o mnatdgopmu YuzhSat.
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Pucynok 2.6 — 3aranbHa ontuuHa cxema nossipumeTpi ScanPol+MSIP, ckomnoHoBaHUX 10
BUKOpPUCTaHHA Ha miatdopmi YuzhSat.

Pucynok 2.7 — KoM’ toTepHHii 11u3aifH po3TalllyBaHHs HAyKOBOI anapaTypH MpoekTy Aerosol-
UA na op06itanpHiii Tutardgopmi YuzhSat.

2.4 Anroputm GRASP 1151 BIZTBOpEHHS XapaKTEPUCTUK aepO30ITIO.

Anroputm GRASP (Generalized Retrieval of Aerosol and Surface Properties) ne mneprmit
VHIBEpCATILHUN aNropuT™M pPO3pOOJICHHIA JJIi OTPUMAHHS MapaMmeTpiB armochepu Mo JaHUM
qUcTaHIiiHOTO 30HayBaHHSA. AsnroputM GRASP OyB crBOpeHMiI Ha 0a3i anroputMy oOpOOKH
nmanux imimkepa POLDER/PARASOL €Bpomneiicbkoro KOCMIYHOTO areHrcTBa [6], skuii OyB
PO3pOo0IEHUN I CIIOCTEPEKCHHS SICKPABUX MOBEPXOHb, TAKUX SK MYCTEN, BIIOMBAHHS Bij SIKUX
CUJIBHINIE HIK CcHWTHan Bifg aeposodiB. Kpim toro, B ocHoBy GRASP mokmaneHo psnm mMeroxiB
peanizoBanux y HazeMHild mepexi AERONET [7] 3 6inbm Hixk 250 coHsTuHMMH (OTOMETPAMHU, K1
BUKOPHUCTOBYIOTBCSL JUISI TIEPEBIPKA MaiiKe BCIX CYMyTHHKOBUX CIIOCTEPEXEHb aTMoc(hepHUx
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aepo30JiB 32 JaHUMHU COHSYHHUX (OTOMETPIB OTPUMYIOTH JE€TajbHI XapaKTEPUCTHKH aepO30IiB,
BKJTIOYAIOUH TTOTJIMHAHHS 1 PO3CIIOBAHHS YaCTHHKAMHU COHSYHOTO BHUITPOMIHIOBAHHS, IO JO3BOJISE
YTOYHHUTH 3HAYEHHS BIUIMBY aepo30JiB Ha 3MiHYy Kimimaty. [IpoTe, 1 cTaHIii HaAarOTh JaH1 JUIIE B
MICIIIX BCTAHOBJICHHS IPWJIAIIB, @ 3 CYIyTHUKOBUX CIOCTEPEKEHb OTPUMYIOTH TPOCTOPOBO-YAaCOBI
XapaKTePUCTHKHU aepO30JIiB MO BCiil MIaHETI.

Anroputm GRASP 0Oyno 3acHOBaHO Ha NPUHIMIIAX Yy3arajJbHEHHS 3 METOI CTBOPEHHS
HAYKOBO-JIOCTOBIPHOTO, YHIBEpCAJIbHOTO, THYYKOTO, MPO30pOTr0 Ta AOCTYIHOrO anroputMmy. B
OCHOBY alTOPUTMY TOKJaJeHO 2 He3ajexxkHi Moxyini. [lepmmii Moayiap — 4YucenbHa iHBEPCis
(numerical inversion), sika BKJItoYae B ceOe 3arajbHI MaTeMaTW4HI oreparii, He MOB'sI3aHi 3
GI3MYHOI0 TIPUPONOI0  BIATBOPEHHX MaHWX (B JaHOMY BHIQAKY JaHUX JUCTAHIIHHOTO
30HayBaHHA). Jpyruit Mmoaynb — mpsima moaens (forward model), sika po3po0iieHa iyist BiITBOPEHHS
PI3HHX CIIOCTEPEIKEHDb aTMOC(epH TUCTAHIIIHHUMHA METOIaMHU.

YucenbHa iHBEpCis peanizoBaHa SIK CTATHCTHYHO ONTHMi30BaHE 3TIIAKYyBaHHS CIIOCTEPEKHIX
JAaHUX Ha OCHOBI MeTony HaimeHmmx kBaapariB (MHK), mo moeanye B cobi mepeBaru pizHHUX
miaxo/iB 1 3a0e3meuye Mpo30picTh 1 THYYKICTh B CTBOPEHHI aJITOPUTMIB, SIKI iIHBEPTYIOTh MacHBHI
Y1 aKTHUBHI CIIOCTEPEKEHHS Ui OTPUMAaHHS JEKUIbKOX Ipyl HeBinomux napamertpiB.Hampuxiasn,
npyd  BiATBOpeHHI xapakrepucThk aepozomo 3a ganumMu AERONET ta PARASOL Oynm
3aCTOCOBaHI OOMEKEHHS TITaKOCTI (PYHKIIIT OTHOYACHO VIS PO3IOALTY YaCTHHOK 33 pO3MipaMu Ta
CIIEKTPAJIbHUX 3aJICKHOCTEH IMOKa3HWKA 3aJIOMJICHHS aepo30iI0 Ta KOe(II€HTIB BiaOUBaHHS

MMOBEPXHI.
CALIPSO
’EF’ lidar PARASOL imager

e

Pucynok 2.8 — Cxema umocTpye NpUHLIUI KOMOiIHyBaHHS Ta OOpOOKM JaHMX OTPHUMaHHUX
PI3HUMM MpUJIAIaMU 3 BUKOPUCTAaHHAM HaOmmkeHHs multi-pixel [7].

Kpim Toro, B anropuTmi € MOMIJIMBICTh BUKOPUCTOBYBATH multy-term MeTox A BiATBOPEHHS
napaMeTpiB aepo30JII0 3 BEIUKOT TPYIH IMIKCEIB CYMYTHUKOBOTO CIIOCTEPEKEHHS OJHOYACHO [8].
Taxuif T BIATBOPEHHS MOKpPAIIy€ Y3rOKEHICTh JaHUX 3a JOIOMOTOI0 HAKIIQJIaHHS 00OMEXEHb Ha
3MiHYy TTPOCTOPOBHX 1 YaCOBUX TMapameTpiB. Hampukman, njis BIATBOPEHHS XapaKTEPUCTHK 3 TaHUX
PARASOL, mpocTopoBi Bapiarlii aepo30:110 Ta 4acoBl Bapiallii anp0em10 moBepxHi Oyiu 3riapKeH1
BBE/ICHHSIM JOJIATKOBHX OOMEXeHb. Takuil miaxiq MOKHA BUKOPHCTOBYBATH JJISI CHHEPTeTHYHHUX
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JAaHUX 3 BHUKOPHCTAaHHSIM CIOCTEPEXKEHb, sIKIi HE B TOBHIH Mipi 30iraioThCsi B 4acoBHX abo
IIPOCTOPOBUX paMKax (puc. 2.8).

3a J0MOMOTO0 MPSIMOT MOJIENI CUMYITIOETHCS BUIIPOMIHIOBaHHS aTMocdepy Mmicist B3aeEMOIii
MaJal0voro CBITJIa 3 aTMOC(EPHUMH Ta3aMH, aepO30JIsIMHU 1 MMiJICTUIAIOUOI0 MOBEpxXHE. Moens
aepo30JI0 BKJIIOYAE CYMIIll 3 TBOX KOMIIOHEHT: AJIsl CepUuuHuX 1 HechepuuHuX yacTuHOK. KoxkHa 3
bpakiiii XxapakTepu3y€eThCsl TUM K€ PO3MOALIOM YacTOK 3a PO3MipaMu MOJIOHO SIK Y BIATBOPEHUX
xapakrepuctukax aeposoio 3a nanumMu AERONET [9]. Hecdhepuuna KOMIIOHEHTa MOICTIOETHCS Y
BUTJISIL CyMIillli BUMAIKOBO OPIEHTOBaHUX c(pepoiiB 3 pikcoBaHUM po3noiiom 3a popmoro [10].

JBoripomeneBa (yHkIis BimOuBHOI 3maTHOCTI (bidirectional reflectance distribution function,
BRDF) i nBonpomeneBa ¢yHKIist mossipu3amniinoi 3xatHocTi (bidirectional polarization distribution
function, BPDF) BUKOpHCTOBYIOTBCS JIJIsl MOJICTIOBaHHS €(DEKTIB BIIOUTTS MOBEPXHEI0. AJTOPUTM
BpaxoBye OaraTopa3oBe pO3CIIOBAaHHS COHSYHOTO CBITJA aepo30JSIMH, Ta3aMH 1 TOBEPXHEIO,
PO3B’A3YI0UH PIBHSHHS MEPEHOCY BUIIPOMIHIOBAHHS 3 BUKOPUCTAHHAM (popMaii3mMy MOCIHIiJOBHOTO
poscitoBanHs [11, 12]. Yci po3paxyHKH NpOBOASTHCS B pEalbHOMY 4Yaci Ta HE BHMAararoTh
BUKOPUCTAHHS TOMNEPEIHBO pPO3PAXOBAHUX “‘NOBIAKOBUX Tabmuue”. CTpyKTypa alrOpUTMY
JIO3BOJISIE AAANTyBAaTH HOTO AJIS TECTYBaHHS AIbTEPHATUBHHUX MPOLEYpP Ui 0OpOOKM JaHUX, IO
BKIIIOYAIOTh 1H(POpMAIiI0 TPO aepo3oiib, IMOBEPXHIO, Ta3 Ta OaraTopa3oBe pO3CiIOBaHHA. Y
3aJIKHOCTI BiJ BXUIHMX JaHWX, 3a gormomoror0 GRASP MoxHa BIATBOPUTH XapaKTEPHUCTUKH
aepo30JII0 B CTOBI aTtMochepu, BEPTHKAIBLHUN PO3MOJII YAaCTUHOK Ta JaHl MpPO MapaMeTpu
nmoBepxHi (puc. 2.9).

POLDER AERONET

lidar

laboratory

single scattering

PROFILES of
AEROSOL

v (h)
_wh)

COLUMNAR AEROSOL | Surface reflectance
fine & coarse BRDF BPDF

g A shape i ‘\s\,

Pucynok 2.9 — MoxumBicTh 3actocyBaHHs anroputMy GRASP s pisHEX crocTepexeHs i

avirlidine

MOTEHIITHO BiHOBJICHUX BHUXIJHUX XapaKTepPUCTHK. JKUPHUMHU CTpUIKaMU BKa3aHI pO3ILIH
aITOpPUTMY, SIKI B TIOBHOMY OOCS31 3aBEpIICHO. TpH PO3AUIM BHU3Y: Mpodisli BEPTHKATIHLHOTO
PO3MOALTY aepo30JIiB, CKJIAJ B CTOBIT aTMOC(EpH Ta apaMeTpH MOBEPXHI — MOMJIMBI BUXITHI JIaH1
anropuTtmy [7].

Anroputm GRASP OyB po3poOieHuil sk makeT MporpamMHOro 3a0e3NedyeHHs 3 BiIKPUTUM
BUXITHUM KOJOM, SKH JOCTYMHHM s BUTBHOTO BHKOpucTaHHSA. HaykoBum kogom GRASP
MOJKHA KEpyBaTH 3a JonoMororo framework, sikuii Moke 3MiHIOBaTH HOTo KOHQITYpaIlito, a TaKoXK
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napaMeTpu BXIJHUX Ta BUXiIHUX naHuX. KpiMm Toro, Hapa3si IOCTyIHa BepcCisi aJrOpUTMy IS
napajenbHoro oopaxyHky 3 BukopuctanHsM GPGPU (general-purpose computing on graphics
processing units). Lls Bepcis rpadigHOro mporecopa 3ade3nedye T0CTaTHIO MBUAKICTh 00YNCICHB
JUISL CKJIQJHOTO anroputmy, Takoro sk GRASP, mo BHKOPHCTOBYEThCSA JIsI OOpPOOKM BETUKHX
MaCHBIB CYIyTHUKOBUX JTaHHX.

Parasol ADTE7S5, Banizoumbou, 2008-02-21 Parasol ADOTE7S5, Banizoumbou, 2008-02-23

20"

1.2

0.8

0.0

Pucynok 2.10 — Po3noain aepo3onsHoi ontruHoi ToBIMHU (AOT) Ha nosxuHi xBuii 670 HM
3a naHuMU ABOX mochigoBHux cnocrepexkenb POLDER/PARASOL 21 Ta 23 motoro 2008 poky Ha
ainsain 1800x1800 xm [7].

GRASP — nyxe THy4ykuid aaropuTM, IO JO3BOJIMJIO MOTO afanTyBaTH I OOpOOKH JaHUX
crioctepexkenp nossipumerpom POLDER/PARASOL. Ha pucynky 2.10 mokazaHa aepo3oibHa
ONTHYHA TOBIIMHA Ha JOBXHWHI XBWII 670 H, OTpMMaHa MpPU HASBHOCTI SCKPaBOi MOBEpPXHI B
Adpuni 3 uentpom B Banizoumbou, Hirep 3a gaHuMH JBOX MOCIHIIOBHONPOBEACHUX
CIIOCTEPEKEHb [7].

Parasol SSA_675, Mongu, 2008-09-01 MODIS Global Fire Maps
25 20° 28.08.2008 — 06.09.2008

20

Pucynok 2.11 — 3miBa: 3HaueHHs aeposono o (0,67) 3a mammmu POLDER/PARASOL 1
BepecHsa 2008p 6musbko craniii AERONET Monry, 3am6is.  CrpaBa: TOJIOKEHHST BIJKPUTOTO
BorHto 3a nanumu MODIS Hax Tiero xx Teputopiro [7].
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Ha pucynky 2.11 mokaszano aip0eno ogHOpa3oBo po3ciBioBanHs ®0 (BIAHOMICHHS MapaMmerpa
PO3CIIOBaHHS 0 CyMH PO3CifoBaHHs TUTFOC normHanHs) 3a nanumMu POLDER/PARASOL mns 1
BepecHa 2008 poxy (mo6mm3y craniii AERONET Monry, 3am0is1) ajis aepo30ii0 MPOIYKTiB
TOpIHHSA, IO KOpeNIe 3 padoHaMu Tokex y Jicax IlenTpanmpHoi Adpuku 3a AaHUMHU
cynyTtHukoBoro npuiaxy MODIS (Moderate-resolution Imaging Spectroradiometer) [6].

[TpsaMi uucenbHI PO3paxyHKHM MOKa3zyroThb, 1o anroputM GRASP 3alesnedye 3HaueHHsS
aepo30JbHOT ONTHYHOI TOBUIMHU (JIpiOHOJUCIIEPCHUX Ta KPYMHOAMUCIEPCHUX aepo30iiB) 3
touHicTio 10 0.01 Bix BXigHMX 3Ha4YeHb. BapTo 3a3HAUMTH, 10 3HAYEHHS PO3B'A3KY ONTHYHOL
TOBIIMHA Ta 00'€MHOI KOHIIEHTpAIlii I APIOHOMAMCIIEPCHUX aepo30JliB € TOYHUMH SIKIO HiCHA
YacTUHA MOKa3HUKA 3aJIOMJICHHS BiZlOMa, a HATOMICTh JIJIsl KPYITHOJAUCIIEPCHUX aepO30JIiB € MEHII
TOYHHMH, aJIe BOHU 3HAYHO MOKPAIIYIOThCS 3a HAasBHOCTI 101aTKOBUX BX1IHUX AaHUX [8].
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3 PO3POBKA AJITOPUTMY OBPOBKU JAHUX ITOJIAPUMETPA CKAHIIOJI

3.1 Onwc 3aBaaHHs CTBOPEHHS AITOPUTMY 0OpOOKH.

BinmoBigHo 10 3aBAaHHs NaHOi poOOTH OyJI0 BCTAHOBJIGHO TOYKM BXOIY 1 BUXOAY JaHHX B
MaiOyTHROMY anroputMi. L{eit anroputm crnemianizyerscs Ha nanux ScanPol, He BpaxoByrouu gaHi
MSIP. Hwxkue Oyne ommcaHo ajropuTMm s gaHuxX ScanPol, He BpaxoByrouu naHi iMmimkep-
nossipumetrpa MSIP, oCKUTbKY U1 HBOTO ITe HE3aBepIlieHa KOHTPYKTOPChKa JOKYMEHTAITisI.

Ha Bxomi 3 ALII mMaemo mani momsipumeTrpa ScanPol: mrcTh CHeKTpaJbHHX KaHaJiB B
omwkHil yneTpadionerosiit (NUV), Bumumiit (VIS) 1 6mmknil iHppavepBoHiii (NIR) obnacti
CIIEKTpa, 30CEPe/KeHUX B MOBKHUHAX XBWiIb 370, 410, 555, 865, 1378, 1610 HM, siKi CKIalal0ThCA
31 CHOCTEpEeXEeHb BIIOMTOrO BiJ MOBEpXHI 3eMili BUIPOBIHIOBAHHSA MiJ PI3SHUMHU OpIEHTAIISIMH
IWIOIHMH nossipu3aiii 3 azumyrtamu 0°, 90°, 45° Ta 135°. KyToBuii fiana3oH CKaHyBaHHs TOBEPXHi
3emuti cknanae Bix +50° go -60° Bix HanpsMKy B Hagup. KoskeH 00epT CKaHyrOUOl CHCTEMH Hajae
onu3bko 200 cnocrepexenb (3 kpokoMm y 0.5°) g mecTu KaHalliB, KOXKEH 3 SKUX CKJIaJa€ThCs 3
4oTUphOX MapameTpiB (Tadm. 3.1). Kpim Toro, myist KOKHOTO 00epTy 3 TeIEeMETPUIHUX AaHUX Oy[e
HAJABAaTHUCS Yac CIOCTEPEkKEHb, TMOJIOKEHHS CYIyTHUKAa Ha OpOiTi, HOTO OpieHTAIis y KOXXEH
MOMEHT CIIOCTPEPEIKEHHSI.

Tabmuis 3.1 — KinapKicTh JaHUX HA BXOJ1 aJTOPUTMY JIJISl OJJTHOTO 00EpTY A3epKal.

Kanann 370 410 555 865 1378 1610
Opienrauist mioupnn noaspuwsaunii | 0] 45| 90] 135 o] 45| o9o] 135] o] as| oof 135] o] a4s] o9of 135] o] a4s| ogo] 135] o as| oof 135
Kyt cnocrepexennst
-60,0
-59,5
-59,0

49,0
49,5
50,0

Ha Buxoni moTpiOHO oTprMaTH (aiin 3 BHOPSIIKOBAaHUMH AaHUMU 11t anroputmy GRASP, 3a
JOTIOMOTOI0  SIKOTO MOXXHAa OTPUMATH ONTHYHI Ta (i3MYHI XapaKTePUCTUKH aTMOC(HEpPHOTO
aeposzonto. KokeH HOro psok BIJMOBIA€ arperoBaHWM JaHWUM I OKPEMOTO  IIKCEs
CIOCTEpEKEHHS. TakuM UYMHOM B OKPEMHUX DPSJIKAX MICTATBHCS CHOCTEPEKEHHS 3 YCIX IMOJOKEHb
CYINyTHHKA, KOJIM JaHUH MiKCelb NOTpanuB B Moje 30py nonsgpumerpa ScanPol.

st popmyBaHHs (aiiny noTpiOHO 3anoBHUTH HacTymHI napamerpu (SDATA Bepcii 2.0):

1. [Tanxka:

e NX — KUJIBKICTh MIKCENIB 10 KOOPAUHATI X (I0OBroTa)

o NY — KUIBbKICTh TIIKCEIIB MO0 KOOpAuHATI Y (IIUpoTa)

¢ NTIME — KiJIbKICTh Pi3HUX CIIOCTEPEKEHB /IS Ti€l K AUITHKA Ha MMOBEPXHI
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2. Tino:

¢ NPIXELS — 4ncio 0JHOYaCHO CIIOCTEPEKHHX MIKCEIiB B TPYIIi MiKCEiB

¢ TIMESTAMP — uac y ¢popmari iso8601

¢ HOBS — BrcoTa B MeTpax, Ha sIKili 3HaXOAUTHCS MIPHIJIAI Ha/l PIBHEM MOPS

¢ IFGAS =1, sxmo npucyTHE MOTTUHAHHS razamu, = (), SKIIO BiJICYTHE

¢ [X — BKa3ye Ha po3TainryBaHHs MIKCENs B3JOBXK KOOPAMHATUA X B 0OpaHiii rpyri mikcemiB
JUTSL BIATBOPEHHS.

e IY — BKasye Ha po3TalryBaHHS IMKCENs B3JI0BXK KOOpAUHATH Y B 00paHiil TpyIi MiKCeiB
JUIS BIITBOPEHHS.

e cloudy — iHz€KC, 1110 BKa3ye HAa IPUCYTHICTb XMap JUIsl KOXKHOro mikcensd = 0 — xmapHo, = 1
— BIJICYTHICTb XMap

ex_coord_longitude — reorpacgiuka 1oBrora mikcesns

ey coord_latitude — reorpadiuka mupoTa mikcens

e MASL - Bucora Hajx piBaeM Mops mikcenst (MASL — Meters Above Sea Level)

eland_percent — BiICOTOK CyIIli B IOKPHUTTI MiKCEIEM

enwave_lengths — KiIbKICTh CIEKTpaAIbHUX KaHAJIIB

ewave_length(IW) — 3HaueHHs TOBKUH XBUJIb B MIKpOMETpax

enum_meas_type(IW) — KiIbKiCTh THIIB BUMIPIOBaHb Ha KOXKHINM MOoBXUHI XBUi (1 — 6e3
noJsipu3arntii, 3 — 3 MOJSIPU3ALII€I0)

emeas_type(IP,IW) — Tunu BumiproBanb 1t koxkHOI qoBxkuHU xBumi (1,Q,U) — 41, 42, 43 —
JUIL KOYKHOT TOBYKUHM XBHJIL

envalid_meas(IP,IW) — KilbKicTh HaIIPSIMKIB CIIOCTEPEIKEHB JUISI KOXKHOTO TUITY
BHUMIPIOBAHb ISl KOXKHOI JOBKUHU XBHJII

e sza(IW) — 3HaYCHHS COHSYHMX 3€HITHUX KYTIB Ha KOXKHIM JOBXKHUHI XBUJI

o thetav(IV,IP,IW) — 3HaueHHS CIOCTEPEKHUX 3€HITHUX KYTIB JJIsl KOKHOT'O HANpPSIMKY
CIIOCTEPEXKEHb, ISl KOXKHOTO TUITY BUMIPIOBaHb, HA KOXKHIM JOBXKHHI XBHIII

¢ phi(IV,IP,IW) — 3Ha4ueHHS CMIOCTEPEKHUX a3UMYTATBHUX KYTIB JIJII KOKHOTO HAIMPSIMKY
CIIOCTEPEXKEHb, ISl KOXKHOTO TUITY BUMIPIOBaHb, HA KOXKHIM JOBXHHI XBHII

e FPSW(V.,IP,IW) — Bumiprosasi I, Q U mocmioBHO 10 TapaMeTpiB, OMUCAHUX BHUIIIC:

“nvalid_meas(IW), num_meas_type(IW) ta nwave_lengths”, To6TO /151 KO)XHOTO
HaMpsIMKY CIIOCTEPEKEHHS 3aIIUCY€E€MO BEeIMUMHU napameTpiB CTOKca MOCTI0BHO AJIS KOKHOI
JIOBKAHU XBUJII.

e gaspar(IW) — BenmmurHM ONITUYHOT TOBIIMHY MOTIMHAHHS (absorption optical thickness)
JUIL KOYKHOT TOBYKUHM XBHJIL

¢ IFCOV(IP,IW) — mpucyTHICTh KOBapiaHTHOI MAaTPUIl B TAHUX JJIS1 KOKHOTO THITY
CIOCTEPEXKEHb JJIs1 KOXKHOI JOBXKHMHU XBUI1: = 0 KOBapiaHTHA MAaTpULA HE MPUCYTHS, = 1
KOBapilaHTHA MaTPULs IPUCYTHS

e CMTRX(IV,IP,IW) — eneMeHTH KOBapiaHTHOI MaTPHIIi /U1l KOKHOTO CIIOCTEPEKEHHS,
axmo [IFCOV(IP,IW)=1

¢ IFMP(IP,IW) — npucyTHICTh MOJIEKYJIIPHOTO NMPODIIIO B TAHUX IS JUISI KOXKHOTO TUITY
CIIOCTEePEKEHB /ISl KOXKHOI JOBXHHU XBUJIi: = 0 MOJNEKYJISIpHHIA PO HE PUCYTHIM, = 1
MOJICKYJISIPHUH PO 1T MPUCYTHIH
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e MPROF(IV,IP,IW) — 3HaueHHS MOJIEKYJISIPHOTO IPOQLII0 Ha KOXKHIM BUCOTI AKIIO
IFMP(IP,IW)=1

JIJiss BUpINICHHST ITOCTABJICHOT 3a1a4i OyJI0 PO3pOOJICHO TUTaH aITrOPUTMY, OJIOK-CXeMa SIKOTO
300pakeHa Ha puc. 3.1. Cnouarky nani 3 ScanPol moBuHHI mpoiiTi KaniOpyBaHHS, Ha BUXOML 3
skoro matumemo mapametpu [,Q,U mist kokHOro kaHamy. ITOTiM Juisi KOXKHOTO CIIOCTEPEKEHHS
nmoTpiOHO oOpaxyBaTH:

3eHITHUH 1 a3UMYTalbHUN KYyTH CIIOCTEPEKEHHS;

CoHsYHMI 3€HITHUH KYT;

KoopaunaTu AissHKY 36MHOI TOBEPXHi, HA SIKY HAaIPaBJICHUN TOISIPUMETD;

Jl1si OCTaHHBOTO IYHKTY 3€MHY ITOBEPXHIO 0YyJI0 pO30OMTO Ha HEBEJIMKI YACTUHU — MiKcenmi. Sk
HACIIZIOK, KOYKHA Tapa KOOPJHMHAT BIAIOBiJae IMOMEpenIHhO0 BU3HAUYEHOMY mikcemro. Jlami Bei
napaMeTpu i BUMIpH MOTPIOHO MPaBWIIBHO 3TPYIyBaTH MO TTKCENSM, Ta CTBOPHTH ITOBHOIIHHHHA
daiin ;s GRASP. PosrasiHeMo aetasnbHiiie KOKeH KpPOK.

Aawmi 3 CeanMan ﬁ

HambyianHa

\_,

Mogyne CfipaoeyHon myTie Ta Gpos
CTBOpEHHA hetav{VIRIW), rearpadii e Obpaxya
nikceni VIR KOOMAMHAT MUNAHI e COHANHIX KyTIE szallv)
PH(VIPIW) PAHAT fin pwiie i
CROCTEPEREHHA >
i
MO, MY, 16 TY,
x_eoond_longitude, MpocTip nikcena ;;zﬁ:ﬁ::;x
x_coond_lengitude, {nabip niscenie 2 ) oG
MASL f .
s 3 NiKCENAMA
NTIME, i
TIMESTAMP,
II-::%BASS Croopenin dainy
ANA GRASP
cloudy, TpynyaHHA fanmx
rwave_lengths, < O NikCEnmAsx
wave_length(Iw),
num_meas_type (i),
meas_type{lP.W),
walid_meas(ipw),
FRSWVIR W), N
gaspar(Iv) Fpiana
IFCOV{IPIW) --= CMTRX[IVIP.W) CRASE:

IFMP{IP. W) = MPROF{IV,IPIW)

I

Pucynok 3.1 - binok-cxema aliroputmy.
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3.2 Kani6pyBanHs.

[Tponec kaniOpyBaHHS €JIEMEHTIB ckaHyo4oro nosispumerpa ScanPol nepenbadae HazeMHe
Ta opOiTampHe KaniOpyBanHs. HasemHe kamiOpyBaHHsS rmependayae BU3HAUEHHS  BCIX
KaJgiOpyBaJbHUX TapameTpiB BiAMOBIAHOI MaTpuii Mroiepa Ta iX KOMOIHAIil Ans BCIX KYTIiB
CKaHYBaHHS CHCTEMH J3€pKall y BCIX CHeKTpalpHHX KaHanmax. OpOitanbHe KamiOpyBaHHS
MOJISITaTUME B TIEPIOUYHIA KOMITEHCAMi 3MiH THX MapaMeTpiB, IO MOXKYTh OyTH BH3HAYCHI M03a
7a00paTOPHUX YMOB, Ha OCHOBI CIIOCTEPE)KCHHS CIICH 3 BIJOMHUMH CTaHAMH MOJSpHU3alii Ta
IHTEHCUBHICTIO.

Kani6pyBanuss Ha opOiTi 3a0e3mneuyeTbcs BHUKOPUCTAHHSIM KOHTPOJBHHUX EJIEMEHTIB,
BCTaHOBJIGHUX BcepenuHi iHcTpymMeHTa ScanPol, moka3zaHoro Ha pucyHky 3.2. B skocti
Jenonsgpu3aTopa oOpaHMH  KBapLOBUHM KIMHOBUIHMNA JEMONISApU3aTOp, SKUH 3abesnedye
HETOJISIPU30BaHE 3 HYJHOBUM 3HAUCHHSIM KOHTPOJIBHOTO CBiTJIAa 3HaUueHHS DOLP y BXinHOMY BikHI
ScanPol. TemHwmii OJ0K - 1e TeMHa Kamepa 3 aJCOPOIIIHAM MOKPUTTSIM JJIsi BCTAaHOBJICHHS
HYJIBOBOTO piBHS aisi peectpamii enekTpoHiku ScanPol. CoHsyHa OAMHUI - PO3CiIOBalIbHA
nudysiitHa ToracTuHa 3 100pe BiIoMOIO (DYHKITIEI po3MoaAlTy ABOCTOPpOHHBOTO BinouTTsi (BRDF)
JUIS palioOMETPUYHOTO KamiOpyBaHHS KaHaliB iHTeHCUBHOCTI ScanPol. Ilpuctpiii monspuzaropis
ABIIsi€ cO000 HAOIp 3 YOTHPHOX MOJSAPU3ATOPIB 3 MpU3MOI0 [ 1ana i3 ¢dikcoBaHOIO 10OpE BiIOMOIO
opienTariiero. EnemenT momspuzaTopa BHUpPOOIsS€ CBITIO 3 NIHIKHOI MOJSIPU3AIIEI0 3 BHCOKUM
3HaueHHsM DoLP Ta noOpe Bimomoro BenmumunHoro AoLP. Cucrema mnepexpemeHux a3epKal
o0epTaeTbcss Ta CHIPSMOBYE CBITIIO, PO3KUIAHE 3 HATUPHOTO HANPSAMKY, SIKE TEpPENaeThes 1
PO3CIIOETHCS 3 €TAJTOHHUX 3pa3KiB A0 MOJISIPUMETPUUHUX BUMIiproBalbHUX KaHaiB ScanPol i3 oceid,
NEepIEeHINKYJISIPHAUX TUIONINHI Ha puc. 3.2 Ta mapaieabHOMYy OcCi J3epKajia 00epTaHHS CHCTEMH.

B wiii pobGoTi peamizoBaHO aITOPUTM OPOITAIBHOTO KamiOpyBaHHs, IO 0a3yeThCcs Ha
pe3yabpTaTax Ha3eMHOTO KalliOpyBaHHS.

VY3aranpHeHe PIBHSHHSA, IO TIOB’SI3y€ MK 0000 Oe3mocepeHhO BHMIPIOBAaHI BEIWYWHU

(mdponi Bimmiku Ha Buxomax ALl - Ro@,go", i 35,,) Ta IIyKaHi HopMoBaHi mapamerpu CTokca

q=Q/I Ta u=U/I BunpomiHIOBaHHA Ha BXOJli CKaHyto4oi cucreMu ScanPol, mae Burmnsa:
RD,~K1-RD,, a'[(=q+q,,)cos(28)+(-u+u,,)sin(2¢)]

RD, +K1-RD,, 1 G + G.1)
RD,, —K2-RD,,, _ a,” [-(-q+q,,,)sin(2&,) + (—u+u,,,)cos(2¢,)]
RD450 +K2'RD1350 1+qinstq+uinstu

— ¢l & —BigxXuieHHs ocell MpOIyCKaHHs mepiuoi Ta apyroi npusM BomnmactoHa Bix TOYHHX
BianoBigHuX mosuuiit kyra (0°+&, 90°+¢, 45°+&,, 135%°+&,,);

—  (inst, Uinst — TMAPa3WTHI JOJAHKU 10 IIyKaHWX mapamerpiB CTokca ( Ta U, BUKIHMKaHI
MOJISIPU3AIIIHHOIO HEJIOCKOHATICTIO TEIECKOIIB Ta A3E€pKall PHUIIAy;

— aq, ay — TapaMeTpH, 10 BPaxXOBYIOTh MAapa3suUTHy ACHOIAPH3ALII0 BUIPOMIHIOBAHHA Y
BUMIPIOBAJIbHOMY TpakTi TMpHIay BHACHIJOK HEJIOCKOHAJIOCTI TMOJSPHU3aTOpiB Ta
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HEOJHOPITHOCTI TONSAPU3AIIHAX XapaKTEPUCTHK TEJECKOIIB Ta J3EpKall y MexXax
nepeTHHy poO0YOro MPOMEHS;
- ¢, U, - KamOpysanbHi mapamerpu CTOKCa BXiHOIO BUIPOMIHIOBAHHS IpH INOIIIAAL B

Haaup (3a4a€ThCS B TA0OPATOPHUX YMOBAX).

B. ‘ Nn-T€ KyTOBE
/ TOJI0KCHHS
HOpMaJTi

/ " I3epKaIbHOI
.-~ — YopHue TiJ0 cUucTeMu

B pol

;> _—~  JIeTIOJISIpU3aTop

B nadir B
mj
B ml
Hanpsamoxk B
\ | HaJIup
|

Pucynok 3.2 — Cxema ckanyrouoi cuctemu ScanPol.

/

HOJISIPU3ATOP

Otpumytoun Ha Bxomi R, Bigumiku AT y BiAMOBIAHUX MOJISPU3ALIHHIX KaHAIaX

90°,45°,135°
MiCJII HECKJIaTHUX NEepPeTBOPEHb, IO OyAyTh OIMHUCAHI HWXKYE, MAEMO OTPUMATH BiTHOBJICHI
napameTpu CTOKCa 1MaJarovuoro BUIIPOMIHIOBAaHHS Ta, HA OCHOBI HUX, CTYIMiHb MOJSpU3aLlii Ta KyT
MOJIIPHU3AIlii.

ITporpama mpalitoe HaCTyITHUM YHHOM:

1) CrtBoproetbest 00’ ekt kiacy Calibration, B 11eif MOMEHT 1HIIIATI3yIOThCS BC1
napaMmeTpH Ta 3MiHHI.

2) 3amyckaetbes Meton make_calibration. Horo aprymenTu: R, ta D list,

190°,45° 135°
1110 MICTHTH B COO1 3HaYEHHS PiBHIB «HYJIs» y KaHanax (D 007 457 135° ):
i

D
Z 0°,90°,45° 135°, 3,

07,90%,45% 135° - (l _ 1)

(3.2)
3) OOpaxoBy€eTbCs CepeIHE 3HAUCHHS PIBHIB «HYJIs» 3a (hopmyoro (3.2)
4) Po3paxoByeTbcs pagioMeTpuuHuil KoeilieHT A.
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Jia HampsiIMKy HOpMaii BiKHa A3epkall s — BHMIPIOEMO 1HTEHCHBHICTH KaJliOpOBaHOTO
JoKepena i 3 Hel MaeEMO po3paxyBaTd CHUTBHAN PalioOMETPHYHUA MacIITa0yHOUnii MHOXHHK A, 110
JTI03BOJIUTH HYJb KoMneHcoBaHi BiTiku ALIIl mepeBectu y inTeHCUBHICTH BiamoBigHo NIST.

5) Po3paxoByroThCs mapamMeTpu:
RDO”,9O",45",135" = RO",90",45",135” _DO",90",45",135" (33)
6) [Tpu nepiiomMy BUKIMKY METOAY pPO3PaxOBYIOThCS B TOYAaTKOBOMY HaOIMKEHHI
koediLieHTH a4, ay, K1, K2 3a popmynamu:
Kl= (R'J K2= —(RD“S” )
(RD%” ) ’ (RDBS" ) (3.4)
4 = 1+e g - l+e,
R PR (3-5)

ne 1/ey, 1/e; - BimHOIIEHHS 3racaHHs JJIsl KOKHOI mpu3mMu Bosutactona.

7) Po3paxoByroThcs koedirienTu ¢, s, Al 00 90° LAl 430 1350 38 hopMytamu:
Cip = C05(51,2) S = Sm(gm) (3.6)
Al _ RDO,, —Kl-RD%O YA _ RD450 —K2-RDI350
0°,90° . q 45°,135° . u
RDO,, + K1 RD9O,, ’ RD45,, +K2 RDBSO 67
8) VYTouHIOI0TBCA g, au, K1, K2 3 ypaxyBanua™m ¢, , u,,, , Qinst, Winst JUIA
BUKOPWCTAHHS NIPY HACTYTHIN iTeparii:
! !
Kl’ — 1_ aqqi”Sf Iel)()0 . KZ' — 1_ a;ui’nst 45°
rr b4 ' s
l+a,q,, RD, l+au,, RD, ., (3.8)
e
qi’nst = qiizst COS(281,) + uinst Sin(281’)
ui’nst = _qi)zst Sin(zg;) + uinst COS(ZE;) (39)

Matoun moiHo yrouneni K1' 1 K2' xanibpyemo koediuientu and . Ilpu mormsiai B Hagup
yepe3 MOJISIPU3aTOpU BXiJHE BHUIIPOMIHIOBAaHHS MaTHMeE JIiHINHY MOJIIpU3allil0 3 BCTAHOBICHUM
a3UMYyTOM (3a/1a€ThCsl B J1abopaTopHuX ymoBax Ha 3emii). Takum umHoM, mapamerpu Crokca

BX1JTHOTO BHUIIPOMIHIOBAaHHS TOYHO BIiJIOMi 1 iX BUKOPHCTOBYIOTH K KaliOpyBajibHI ¢, Ta U, .

MoxxeMo 3HaliTH 3HAYCHHSI JBOX KaliOpyBaJlbHUX [apaMeTpiBa, Ta d, , IPH BIJOMHUX IHIIUX:

q'cul+q'inst u'cal +u'inst
— o = ; (3.10
%~ "RD, —KI-RD,, » %~ RD,_,—K2-RD_  (3.10)
° - (1+qcalqinst +ucaluinst) . - (1+qcalqinst +ucaluinst)
RDOO+K1-RD900 RD40+K2-RD .
5 135
I (S

qz’al = _QCal COS(2€1) - ucal Sin(zgl)

uc,'al = QCal Sin(282) —u COS(282)

cal
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Jnst xamiOpyBaHHS ONTHMAajIbHO BUKOPHUCTOBYBATH NpU3MHU [ J1aHa Opi€HTOBaHI MiJl KyTOM
22.5° no oceii mpu3M BosutacToHa OCKIIBKH MPH IbOMY 3HAYEHHS KAIiOpyBaJIbHUX MapaMeTpiB
Crokca OyayTh OJHAKOBUMH:

N5 B

q.; =cos(2-m/8) =Y U =sin(2-7z/8)=7,

9) Po3paxoByroThcs mapametpu CTokca g, u 3a popMyiamu, siKi MOKHA OTPUMATH 3
(3.1):
2
q _ qinstSZ (Sl + uinstA]()O’g()" ) - (1 + uinst )(CzAIO“,K)O" - S1M45",1350 ) + Clqinst (02 + uinstAI45”,135“ )

518, + CZqinstA]()” o T SZuinstA]()"’gof’ - qinstslA]45U,1350 +¢ (cz + uinstA]450,1350 )
(3.11)
. CGU;y _(Sz +qinst2S2 O Uinst ) Al wor G (1 + qinst2)AI a5 1350 T Siling (Sz /Y 45 135° )
8,8, +6,q,,, Al o +8,u,,, Al o /A s TG (02 +u,, Al i 35,,)
10) Busnauaetncs crymninb nonspusanii (DoLP) ta kyT nonspuzarii (AoLP) 3a
dbopmynamu:
2 2
DoLP=p=+\lq"+u , (3.12)
1 u
AoLP =6, = Earctg — = Opys
q (3.13)
ne G, =90° =/, . , OCKUIBKA KyT MOJSpHU3alLlii NOBEPTAETHCS CHHXPOHHO 31 CKaHYHOUYOO
CHCTEMOIO.

Ll mocTiOBHICTh TOBTOPIOETHCS JIJISI KOKHOTO BHUMIpY B ycix kaHamax. Koj mporpamwm
MOJAHUM B JOJIATKY.
[Tlicna BigmpaimroBaHHS IMX TYHKTIB TporpamMa TOBEPTAE€ CIOBHHUK 13 3HAYCHHSIMH
BIIHOBJIEHUMH 3HaueHHsMH ¢, U, AoLP, DoLP, ski gam mnepemaroTbcsi B OJIOK OOpOOKH 1
KOMOIHYBaHHS JaHUX.

3.3 Po30uTTs Ha mikcem

KyrtoBuii mianmazon ckanyBaHHs nojisipumerpoMm ScanPol moBepxHi 3emuii ckiamae Big +50°
no —60° Bl HampsIMKY B Haaup, a MUTTEBe moje 30py 0.5°. YV mpoekmii Ha 3eMHY TTOBEPXHIO 11€
2300 kM, a mupuHa mojis 30py — 6 kM. [Ipu 1bOMy KUIBKICTh CIOCTEPEKHUX KYTIB OJAMHUYHOL
IoIaaky ckinamae omm3pko 200.

Ha puc. 3.3 npoinocTpoBaHO 3aIlulaHOBaHE MPOBEJIEHHs CIOCTEpexeHb npuiagamu ScanPol
ta MSIP 3 60pTy op6iTanpHOrO anapary.

Jlyis po30UTTSI 3eMHOT TIOBEPXHI Ha TiKcesi Oyia 3acTocoBaHa IiodaibHa MU(PpPOBa BUCOTHA
monens GMTED2010 (Global Multi-resolution Terrain Elevation Data 2010) [26], sika mo3Bossie
OTPUMATH BUCOTY TOYKH HaJ PiIBHEM MOPS 3 MPOCTOPOBOIO PO3AUIBHOIO 3IaTHICTIO M0 15 apk-
cekyHnu (mo 463 merpa Ha moBepxHI 3emili) 3a BIIOMUMH TreorpadiqyHMMH KOOpJIWHATAMHU.
OCKUIbKM Taka pO3JUIbHA 3JaTHICTh MEPEBUIIYE PO3AUIbHY 3[ATHICTh MPHIAay, BHUPIIIEHO
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BUKOPUCTATH ycepenHeHl maHi 3 mmpuHoro mikcens B 0,125 rpamgyca (~13.75 kM Ha moBepxHi
3emuti).

MSIP IFOV = +30 -30 deg (770 km)

Aerosol-UA
L ScanPol scan = +50 -60 deg (2300 km)

h = 8§70 km

/ v =714 km/s
v
-~ g
o

S &5km & km BSkm e
- " Scan = 2300 km —

ScanPol IFOV = 0.5%, 9 mrad, 6 km at Nadir 46 ki

MSIP IFOV =770km x770 km

T w@km B4km Skm 85 km 46 km

(a) (6)
Pucynok 3.3 — I'eomertpis ckanyBanHs npuiagamu ScanPol ta MSIP. [IpsmokyTHHKOM
300paxxeHe mose 30py MSIP y Bumaaky miockoi 3emi, JTiHIEO - TUIIX cKaHyBaHHs ScanPol.

3 caiity (http://www.temis.nl/data/gmted2010/) B3siTo ¢aiin B popmati HDF-4, mo mMictuts B
co0i HaOip mikcesniB 3 MOTPIOHOI0 HaM PO3AUIHLHOIO 3IATHICTIO Ta YCEPEAHEHUMH MapaMeTpamH,

OIMC SAKUX BKa3aHuil B Ta0muui 3.2.

Ha puc. 3.4 306paxeno kapty, nodynosany Ha GMTED2010 3 po3auisHoro 3aatHicTio 0,5
rpaayca (https://lta.cr.usgs.gov/GMTED2010).

Tabmuus 3.2 — HaGip 3minnux y ¢daiinax 3 nanumu GMTED2010

3MmiHHI Oaununi PosmipHicTh Onuc
longitude rpagycu nlon JloBrota meHTpa mkKces
Latitude rpagycu nlat HIupota neHTpa mikcems
longitude bounds rpaxycu nlon,nbounds JloBroTa Mex mikcenst
latitude_bounds Tpamycu nlat,nbounds [Iupora Mex MmiKcens
elevation MeTpH nlat,nlon Bucora Hax piBHEM MOpPs B HAOIFDKEHHI Teoiga
elevation_stddev METpHU nlat,nlon CranmapTHe BIIXWICHHS BUCOTH HA/I PIBHEM
Mopst
elevation_max MeTpu nlat,nlon MakcumaibpHa BUCOTa HaJl PiBHEM MOPSI B

MeXKax MiKCcems
elevation_min MeTpH nlat,nlon MinimaneHa BUCOTa HaJl pIBHEM MOPSI B MEXax
miKcens
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GMTED2010 elevation [m] @ 0.5 degree
-150 -120 -90 -60 -30 0 30 90

»i

150 120 90 60 30 ©0 30 B0 90 120 150

| 1 |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Puc. 3.4 Kapta Bucot Haj piBHeM Mopsi, modyaoBana it nanux GMTED2010 3 po3ainsHO0O
spatHictio 0,5 rpagyca (https://Ita.cr.usgs.gov/GMTED2010).

3.4 Po3paxyHOK COHSYHUX KyTiB

Jnst po3paxyHKy COHSYHHUX KyTiB OyJIO BHpIIIEHO BHKOPUCTATH TOTOBe pimieHHs Pysolar
(http://docs.pysolar.org/en/latest/), ToOTo komekuitro Oibmiorek Python mns imitamii Oyab-sikoi
Touku Ha 3emii ocBiTieHoro Conuem. Bona Bkmouae B cebe KOA Ul HaA3BHYANHO TOYHHX
epemepHux oOuMcieHb Ta Oararo iHmoro. Pysolar Oyna minTBep/pkeHa BilicbKOBO-MOPCHKOIO
obcepBaropiero Crnonmyuenux llraris (USNO).

Maroun Tpu mapameTpu: JOBroty, mupory i yac cnocrepexxenHs (UTC) orpumyemMo KyT
Haxmty CoHng 3a moromororo Pysolar. Heckmagaumu reomMeTpudHIME 00paxyHKaMH 3HaXOJHMO
COHSTYHUU 3€HITHHM KyT (puc. 3.5).

Sun

Whens you are

Center of the Earth

(a) (6)
Pucynoxk 3.5 — I'eometpis po3mimiennss Conil: a) B cucremi koopaunat: P — Conne, 6 —
3€HITHUH KyT, 0 — KYT HaxXWIy, (¢ — a3UMyTaJbHUH KyT. 0) Ha mpakTuii [29, 30].
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3.5 3aBepmanbHi eTanu 00poOKu

OtpumaBmu BigkaniOpoBaHi nmapamerpu CTokca BXIJHOIO BUIPOMIHIOBaHHS, KOOPAMHATH
MiKCeNiB, 3HAYEHHS COHSYHOIO KyTa Ta iHIII TeIeMETPHYHI JaHi, 3aJIMIIAETbCS 3TPYIyBaTH BCe
BITHOCHO JAUISHOK criocTepexeHHs (puc. 3.5). /1o 1boro MOMEHTY BCi CIIOCTEPEKEHHS MPHB’A3aHl
710 TIOJIOKEHHS CYMyTHUKA. TOOTO CYMyTHUK KOKHUM 00EPTOM J3€pKall 3aXOIUIIOE TIEBHY 3B’SI3KY
JUISTHOK 1 IaH1 COPTYIOTHCS IO Yacy croctepexenHs. [IpoTsarom nexkinbkox o0epTiB A3epKan ogHa
i Ta cama JIIJISTHKA CIIOCTEPIraeThes NMEBHY KUTBKICTh pa3iB. LI KIIBKICTh 3aJI€KUTh Bij IITBUIKOCTI
pyXy CyIyTHHKa Ta MOTr0 pO3MIMICHHS BIAHOCHO IIi€l OUIAHKU. YuMm dacrime AUIsTHKa
norpamisiTuMe B moise 3opy ScanPol, TuM TouHimn OyayTe pe3yibTaTH pOOOTH BiJIHOBICHHS
napaMeTpiB aepo30JiiB 3a PaxXyHOK MepeBa)KaHHS KUIBKOCTI HE3aJIe)KHHUX CIIOCTEPEKEHb (BXITHUX
napamMeTpiB) HaJl TUMH, L0 HIyKAIOThCSI.

%

AN

T —— B5km 6 km BERm  —— .

= Scan = 2300 km ——t — '\
—, — _
ScanPol IFOV = 0.5°, 9 mrad, 6 km at Nadir 46 o Scan = 2300 km

ScanPol IFOV = 0.5°, 9 mrad, 6 km at Nadir

(a) (6)
Pucynok 3.6 — DmrocTparis rpymyBaHHS JaHUX Ha IMOYAaTKy OOpoOKM (a) 1 Ha BXOAl B
GRASP (0).

Byxe 3rpymoBaHi mo AiSIHKaM JaHi IS KOKHOTO CIEKTPAJbHOTO KaHAJIy 3aluCyIOThCs B
¢aiin, cTpyKTypa SIKOTO ONHKCAaHA Ha MOYaTKy po3zury. 3a gormomoroio anroputmy GRASP Oyne
pO3B’si3aHa 3BOPOTHA 3ajlaya pO3CIIOBaHHA Ta, B pe3yJbTaTi, CTBOpeHa 0a3za JaHUX ONTUYHUX
XapaKTepUCTHK Aaepo30JbHUX 1 XMapHMX YacTHHOK B arMocdepi 3emii NpOTATOM JOCHUTH
TPHUBAJIOTO MPOMIXKKY 4acy.
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BUCHOBKUA

Po3po6seHO KOHIENIiI0 Ta CTPYKTYpy aJrOpUTMYy OOpOOKM NaHMX yis OaraTokaHaJbHOTO
ckanytouoro nossipumerpa Ckanllon. AMroput™m miaHyeTbcs BUKOPUCTOBYBATH INPH peaiizarlii
YKPaTHCHKOTO KOCMIYHOTO MPOEKTY Aepo3oib-UA.

PeanizoBano mporpamMHuil MOAYJ b OpOITaIBHOTO KalliOpyBaHHs, sike BpaxoBye: (1) 3MileHHs
B3a€EMHOI OpI€HTallli ONTHUYHHUX OCEH J3epkal B cucTeMi Ta npusMm Bomnactona; (2)
IHCTPYMEHTAJIbHUN BIUIMB Ha MOJSPHU3ALII0 BXIJHOTO BHUIPOMIHIOBAHHS, IO 3aJI€XKHUTh Bij
aHI30TPOMHUX XapaKTEPUCTUK J3EPKAIbHOI CUCTEMHU Ta TEJNECKoIiB; (3) BIAMIHHICTh KOe(illi€HTIB
nepenayi Ta mifcuieHHs GoTonpuiiMayiB pi3HUX KaHAJIB Ta 3HAYCHHS PIBHIB HYJIS CUTHAITY.

AnantoBaHo KanmiOpyBaHHs 10 TEXHIYHUX BUMOT KOHCTPYKLIi IpUJIaay, a caMe - PO3MILIeHHS
KaJgiOpyBaJbHUX OJIOKIB. 3alpONOHOBAHO IMPOrPAaMHE pIlIEHHS OOpaXyHKY COHSAYHHMX 3€HITHHUX
KyTiB Il JUISSHOK  CHOCTepekeHHs. Po3po0neHo Meroauky reorpadiqHoi  MPHUB’SI3KH
CTIIOCTEPEKEHb Ta 3alpONOHOBAHO MOXJIMBY peaizallilo  4epe3 BHUKOPHCTAaHHS JIaHUX
GMTED2010. Otpumana HeoOXigHa CTpyKTypa daimy it 06pobku nanux anroputMom GRASP,
TOOTO peaji30BaHO AJITOPUTM MO BHOOPY JMaHuX 3 ¢aiiiB, Mo MICTATh iH(OpMaIlio mo odepram
J3epKai.

TakuM YMHOM MPOJOBXKEHO PO3POOKY METOAMKHM Ta MpPOrpaMHOro 3a0e3NedyeHHs s
00po6ku curHaniB nonsipumeTpa Ckanllosn 1 mepeTBOpEeHHS OTPUMAHMX JAHUX B 1H(POpMALIHHUHA
6510k, HeoOXiHUI U1t BBeneHHs B anroput™ GRASP, skuii Mae po3B’s3yBaTu oOepHEHY 3afauy
BU3HAYCHHS XapaKTEPUCTHK aepo30JII0 3a PO3CIIHUM CBITIIOM3a pe3ysbTaTaMd BHUKOHAHHSA
JloroBopy MmiJArOTOBJICHO JIO ITyOJTiKAaIlil IBi CTATTi, OJHA 3 HUX YBIMIIIIA Y 3BIT.
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Abstract

The polarimetric modeling for the multispectral Scanning Polarimeter (ScanPol) and the
MultiSpectral Imaging Polarimeter (MSIP), the instruments of the Aerosol-UA space mission, has
been developed. The polarimeters will measure with high precision the degree of linear polarization
(DoLP) and angle of linear polarization (AoLP) of sunlight scattered by clouds and aerosols. The
polarimetric models include main sources of systematic polarimetric errors such as finite extinction
ratios and offsets of polarizers and birefringence of telescopes, which are all described by Mueller
matrices. The dark reference signal, the difference in the polarimeter channels gain, and
instrumental depolarization factor are modeled as an additive values and scalar multipliers. The
polarimetric models are the products of specified Mueller matrices and scalar values that tend to
describe precisely a transformation of the incoming light polarization and intensity during light
propagation through the ScanPol and the MSIP optical units. The model allows calibration
procedures that provide accurate assess and effective compensation of the polarimeter instrumental
polarization imperfection. It is assumed the ground-based stage calibration of both the ScanPol and
MSIP instruments, in-orbit permanent calibration of the ScanPol instrument with onboard reference
units, and in-orbit intercalibration of the ScanPol and the MSIP, since their fields of view are
overlapped. To validate the effectiveness of proposed calibration procedures the numerical
experiments were carried out. They show an excellent compensation of the ScanPol and the MSIP
polarization errors by ground-based calibration procedures. The imperfection compensation is
restricted only by the quality of reference sources and signal-to-noise ratio. In-orbit calibration
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procedure demonstrates an acceptable result that provides the measurement of the DoLP with
required error < 0.15% and AoLP with error < 0.2 degrees (in the case when DoLP>0.2) for the
ScanPol instrument. The ground-based calibration of the MSIP polarimeter will provide the
expected polarimetric accuracy < 1% supplemented by the ScanPol and MSIP polarimeters on-
board intercalibration.

Keywords: atmosphere; aerosol; climate; polarimeter; degree of linear polarization; calibration

1. Introduction

The distribution and microphysical properties of aerosols in the Earth atmosphere are still less
known in comparison to main greenhouse gases to be used for the improvement of the climate
models. Several new aerosol space missions are planned to collect data to reduce aerosol climate
forcing uncertainties. The Aerosol Cloud Ecosystems (ACE) mission (NASA) is planned for launch
in 2021 to minimize the climate forcing uncertainty in aerosol-cloud interactions and ocean—
atmosphere carbon dioxide exchange (Starr, 2011). The aerosol polarimeter of the project
3MI/EPS-SG is planned for launch in 2020 or later to be next to the nine years operation of the
POLDER/PARASOL (CNES) aerosol space mission (Bréon et al., 2011; Fougnie at al., 2018). The
Multiangle SpectroPolarimetric Imager (MSPI) is planned as the possible instrument for ACE
mission, and the SPEX instrument that developed in the Netherlands Institute for Space Research,
NWO-SRON (Diner et al., 2007; van Harten et al., 2011). The comprehensive set of spaceborne
aerosol polarimeters are currently designed in China. The Directional Polarization Camera (DPC),
which is the POLDER-type polarimeter, to monitor global atmospheric aerosol has been launched
in 2018 onboard GaoFen-5 satellite (Li et al., 2018). The Particulate Matter Polarization Suits
(PMPS) instruments consist of the DPC camera and the Atmospheric Particulate Observing
Scanning Polarimeter (POSP) that is developing for launch in 2019.

The Ukrainian space mission Aerosol-UA is prepared with main objective to monitor the
microphysics and spatial distribution of atmospheric aerosols. The mission includes the
multispectral Scanning Polarimeter ScanPol and the MultiSpectral Imaging Polarimeter (MSIP),
which is planned to launch in 2022. The ScanPol polarimeter is designed on principles of the
APS/Glory polarimeter (Mishchenko et al., 2007). The MSIP is the multispectral wide-angle
imaging polarimeter providing the aerosol measurements and aerosol/clouds separation, which
important for the ScanPol data corrections. The two Aerosol-UA instruments, combined as a set at
the same satellite platform, can provide multi-angular (along-track) polarized radiance
measurement with considerable swath (60 degrees provided by MSIP). Besides, the onboard
calibration function of the ScanPol provides a chance of the two instruments inter-calibration
(Section 5) since their fields of view are partly overlapped.

In this paper, the polarimetric model is developed, which includes the main sources of
systematic polarimetric errors of the ScanPol and MSIP polarimeters described by the Mueller
matrix approach. In Section 2 the Aerosol-UA instruments are described. In Sections 3 and 4 the
calibration modeling of the ScanPol and the MSIP is considered. The intercalibration of the
ScanPol and MSIP polarimeters is discussed in Section 5, the validation of the calibration results in
the numerical experiment is considered in Section 6. Section 7 contains the discussion and
conclusions.

2. Aerosol-UA mission instruments
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2.1. ScanPol scanning polarimeter

The space mission Aerosol-UA is based on two instruments: the ScanPol polarimeter and the MSIP
polarimeter (Milinevsky et al., 2015; 2016). The ScanPol is the multispectral scanning polarimeter
with six spectral channels in the near ultraviolet (NUV), visible (VIS) and the shortwave infrared
(SWIR) spectral channels. The spectral channels are centered at the wavelengths 370, 410, 555,

865, 1378, 1610 nm.

MSIP IFOV = +30 -30 deg (800 km)
Aerosol-UA
ScanPol eroso ScanPol scan = +50 -60 deg (2300 km)

h=705km
g v=7.14 km/s

< 5km
19 km Scan = 2300 km
canPol IFOV = 0.5°, 9 mrad, 6 km at Nadir
Lengths IFOV along trajectory

/ MSIP IFOV = 800 km x 800 km

19 km 8.5 km 6 km 8.5 km 46 km

S —— 85km 6 km
X

46 km

MSIP

Fig. 1. Scanning geometry in Aerosol-UA mission. Intersection of the ScanPol and MSIP
polarimeters fields-of-view. Dotted line is satellite orbit, 19-8.5-6—8.5-46 km is the ScanPol
polarimeter FOV lengths along track, the grey square is the MSIP polarimeter FOV.

The ScanPol allows to measure the first three Stokes parameters /, Q and U of the solar light,
which scattered by the atmospheric aerosols and Earth surface at about 200 viewing along-track
directions between scan angles +50° and —60° degrees from nadir (see Fig. 1). The polarimeter is
designed to acquire the spectral and polarimetric measurements simultaneously to minimize the
instrumental stray polarization effects and effects of "false" polarizations due to a relative motion
of the scene in the image at the focal plane of the instrument. Polarization—intensity scanning of the
ScanPol is achieved by the use of a two-mirror assembly with the aluminum mirrors oriented in the
way when any polarization introduced at the first reflection is compensated for by the second
reflection similar to APS/Glory instrument (Mishchenko et al., 2007). In Fig. 2 the optical layout of
the ScanPol polarimeter is shown.
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Fig. 2. ScanPol polarimeter optical layout: (1) polarization compensated scan mirrors
assembly; (2) input lens and collimator of the NUV—VIS spectral channel; (3) input lens and
collimator of the NIR spectral channel, (4) Wollaston prisms; (5) dichroic mirrors; (6) camera
lens and interference filters for spectral channels; (7) the NUV—VIS and SWIR sensors; (8)
quartz wedge depolarizers; (9) Glan prisms polarizer; (10) black body.

Since the design of the ScanPol polarimeter is partially based on the RSP and APS/Glory
scanning polarimeters concept (Cairns et al., 1999; Peralta et al., 2007), the some
peculiarities of the polarimetric model and calibration procedure are similar to all three instruments.

The minimum set of the retrieval requirements for the ScanPol polarimeter

is used, which has been formulated and discussed in Mishchenko and Travis (1997),
and Mishchenko et al. (2004, 2007a).

2.2. Multi-spectral imaging polarimeter

The MSIP instrument is the multispectral wide-angle imaging polarimeter, which as a part of the
Aerosol-UA space mission will provide collection of images on the state of the atmosphere and
surface in the scene, where the ScanPol polarimeter scans (see Fig. 1). The concept and details of
the MSIP imaging polarimeter optical layout design has been proposed by (Sinyavskii et al., 2013).



39

Fig. 3. Optical layout concept for the MSIP imaging polarimeter: the light path in five optical
units and field-of-view of the MSIP polarimeter: the three polarimetric optical units with
white arrows, which show polarization directions of polarizer film 0°, 90°, 45°, 135°, and the
two intensity optical units are shown.

The MSIP consists of five optical units with the wide-angle field-of-view (FOV) 60°x60° in
nadir along and across satellite path (Fig. 1). Three optical units are polarizing and two are
photometric. The polarizing units allow to measure Stokes parameters /, Q and U at central
wavelengths 410, 555, and 865 nm with the spectral full width at half maximum (FWHM) 20 nm.
Two photometric units of the MSIP will serve to obtain the scene in eight spectral wavebands to
retrieve the aerosol optical depth. The first photometric unit has central wavelengths 410, 443, 470,
and 490 nm with spectral FWHM 20 nm, and the second photometric unit has central wavelengths
555, 670, and 865 nm with spectral FWHM 20 nm, and 910 nm with spectral FWHM 40 nm.

The image-separation system of the MSIP provides separation of the initial input image to
four equal images that are analyzed by four film polarizers with azimuths 0°, 90°, 45°, and 135°.
The camera lens directiong the separated images to four different square areas of the single image
sensor. These four images are the initial data for retrieving the first three Stokes vector
components. Therefore, the MSIP polarimeter allows measuring the first three Stokes vector
components simultaneously in the wide field-of-view.

The MSIP polarimeter spatial resolution is 6 km in the projection on the Earth surface in
nadir, which corresponds to the instantaneous field-of-view of the ScanPol polarimeter. The
number of phase angles for measuring of the single observation scene is at least 15.

2.3. Stokes-Mueller formalism
To describe polarization systems of the ScanPol and the MSIP polarimeters we apply self-
consistent way by using the Stokes-Mueller formalism (Chipman et al., 2018). The retrieved Stokes
parameters 7, O, U are elements of the Stokes vector S:

S=( O U V)= (ot lop-= lasot L1350, Loo—L 0o, Iaso—I 1350, IR—11)
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where values /; (i =0°, 90°, 45°, 135°) are intensities passed through the linear polarizers, I, I; are
intensities passed through the circular right and left polarizers.

The design of the ScanPol and the MSIP polarimeters does not involve the measurement of
circularly polarized light (7 Stokes parameter). The circular polarization component of atmospheric
scattering is typically at least two orders of magnitude smaller than the linear polarization (Waquet
et al., 2009), and has no effect on aerosol parameters retrieved from polarimetric data. Commonly
used polarization parameters are p, degree of linear polarization (DoLP), and 6, azimuth of the
linear polarization in scene plane (AoLP):

1
DoLP =p =+/g¢> +u’ , AoLP = @ = Earctan(u /q),

where ¢g=Q/I and u=U/I are normalized Stokes parameters of incoming light. The reference axis
considered to derive the Stokes vector components is linked to the scene plane.

Another useful form of equation defines Stokes parameters I, O, U of partially linear
polarized light via p and 6 as below:

S = (I, Ipcos(20), Ipsin(20), 0) (1)

The ScanPol polarimeter uses a pair of crossed mirrors to scan the field-of-view. Then the
light enters into refractive telescopes before being analyzed by the Wollaston prisms. The MSIP
imaging polarimeter doesn’t include the mirror scan system so the light enters straight into the
telescopes and then analyzed by the polarizer film set.

In order to characterize how the instruments modify the incoming Stokes vector before being
acquired by the detector, it is necessary to model the polarization sensitivity of the ScanPol and
MSIP instruments.

3. ScanPol calibration models

3.1. Modeling
The ScanPol scan mirrors mismatching is expected as a primary source instrumental polarization.
The telescope errors can also add retardance caused by stress in the telescope lense. The Wollaston
prism performance can be perfect and will not impact the ScanPol polarising parameters quality.
However, for simplicity, the depolarization effects are considered as the factor of the polarizer
quality errors (Cairns and Geogdzhayev, 2010). The following Mueller matrices Mzsy, , M7 and
M are introduced for the ScanPol instrument description. Index 7SM means "two scan mirrors", T
1s "telescope"; 4 1s Wollaston prism as "analyzer"; M is "mirror". The Mueller matrix Mzg, for the
crossed scan mirrors in an arbitrary frame a;, is:
MTSM =
A cos(2a,,)B sin(2a,,)B 0
—cos(2a,,)B —cos’(2a,,)A—sin’(2a,, )cos(S,, —F,,)  cos(2e,,)sin(2a,, )(cos(épsl - 5p52)-A) sin(2a,,)sin(6,, — J,,)
—-sin(2e,,)B cos(2aM)sin(20:M)(cos(5Psl —51,52)'14) -sin’(2a,, )A—cosz(2aM)cos(5psl —0,u) —cos(2a,,)sin(S,, —0,,)
0 sin(2a,,)sin(S,,, = J,,) —cos(2a,,)sin(6,,, = J,,) c08(6,; —0,2)

2)

whereA:%(%+%J, 3%[2__%} R, =t R, =t

ps2 psl ps2 psl
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2
é‘psl = é‘pl - 551 2 6})52 = s Rs

5y—8, R =|r

2
b , 8, =arg(r,), 6, =arg(r), r,,r, are complex

=|r

S

reflection coefficients of the scan mirror for light polarized in the plane (p-polarization) and normal
to the plane of incidence (s-polarization). Subscripts 1 and 2 in equation (2) refer to the first and to
the second scan mirrors, respectively.

The Mueller matrix My for a retarder, which models here the telescopes polarization
behavior, with the phase shift 07 in an arbitrary orientation of anisotropy axis oy is:

1 0 0 0
0 cos’(2a,)+sin’(2a;)cos(d,) cos(2a,)sin(2a,)(1-cos(5,))  sin(2e;)sin(5;)
0 cos(2a;)sin(2e;)(1-cos(8;)) sin’(2a,)+cos’(2a;)cos(S,)  —cos(2a)sin(5,)
0 —sin(2a, )sin(d; ) cos(2a;,)sin(o;) cos(o;)

3)

and M, for a polarizer (describes Wollaston prisms, that are also analyzers) with extinction ratio

M, =

1/e in an arbitrary orientation a4 the equation is:

l-e l-e .
1 ——cos2a —sin(Ca 0
l1+e (2a,) 1+e (2a,)
2
| 2 \/; s 2 (1_\/;) :
—cos(2a cos’(2a,)+2——sin"La cos(a,)sin(«x 0
M _l+ell+e (2a,) (2a,) l+e (2a,) l+e (a,)sin(,) 4)
4 2
2 [
I-e . I-ve . .
—esm(2aA) ( ) cos(2a,)sin(2a ) 2£cosz(aA)+s1n2(aA) 0
l+e 1+e
0 0 0 2£
l+e
Here: e=- is ratio of polarizer’s transmissions for input light with linear polarization
t
I

crossed and parallel to polarizer’s axis, the parameter that has the inverse value of the extinction
ratio.

The polarimetric model for the ScanPol polarimeter is considered on the example of the one
spectral channel equivalent polarization scheme, which includes two telescopes (T1, T2), two
Wollaston prisms (W1, W2). Telescopes T1 and T2 have the same field-of-view and are used to
divide the input beam into two new copies of one. These beam’s copies then analyzed by two
Wollaston prisms W1 and W2, which polarization azimuths are at 45° to each other, i.e. the
Wollaston prism acts as parallel pair of analyzers, which azimuths are perpendicular. Thus,
supposing the azimuth of Wollaston prisms W1 is equal 0°, the pair of telescopes T1 and T2, and
pair of Wollaston prisms W1 and W2 divide an initial light beam spatially into two pairs of
orthogonally polarised intensity signals Rpeand Rgpe, Rasse and Rj3se, which registered by four
sensors (see Fig. 4).
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Divided light beams
registered by four sensors
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Polarization / / \
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mirrors M1 and M2 orientation
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\ / properties will be studied

4—’—

Fig. 4. Equivalent polarization scheme of the ScanPol polarimeter single spectral channel: scan
mirrors M1 and M2, telescopes T1 and T2, Wollaston prisms W1 and W2, intensity signals
Roe, Roge, Rascand R 350, which are initial data for Stokes parameters calculation.

The instrumental polarization errors include possible clocking offset of Wollastone prisms,
finite extinction ratios of prisms, polarization errors of the telescopes and different gain of the
intensity pass divided light beams. The measured raw signal R from ScanPol sensors (Fig. 2) of the
single spectral channel can be described in general by equation (see Fig. 4):

R= A/K I:MA (e’ aA + 8) ) MT(5T’ aT) ) MTSM (RpispSZ’ é‘psl 4 §ps2’ aM) ) Ssceneilo +D > (5)

where D is the dark reference signal for no incoming light; S;.... 1s Stokes vector for polarization of
input scene, M are Mueller matrices of corresponding optical elements (M, is for the Wollaston
prism; My is for telescope; Mgy, is for scan mirrors); K is scalar value that describes isotropic
gain of the of the given light path; 4, 1s radiometric calibration coefficient that converts a measured
signals into absolute intensity scale; ¢ is clocking offset of Wollaston prism. The index "0" in
equations (5) and (10) refers to the first Stokes parameter /. All other terms in equation (5) and their
physical meaning are explained above after equations (2) — (4).

Since the K values are different for different outputs of Wollaston prisms (different light
paths in Fig. 4) in general, the calibration coefficient A4 is the same for all output signals R for

fixed wavelength.

The approximated equations, which connects the raw signal Rge, Rope, Rase, Ri3se from the
four ScanPol sensors (see Fig. 4) with the incoming light polarization from the scene (i.e. retrieved
Stokes parameters g and u), are:
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RD, —K1-RD,, a, '[(=q+4,,)c0o8(2&)+(—u+u,,)sin(2¢,)]

RDO” + Kl : RD900 1 + qmstq + uinstu

_ . 6
RD,, ~K2-RD,, _a,"[~(~q+q,,)sinQe,)+(-u+u,,)cos(2z,)]
RD450 + K2 ) RD135° 1 + qinstq + uinstu

In equations (6) the subscript indices 0°, 90°, 45° and 135° correspond to four light beams

registered by four sensors; D, define the dark reference signal for no incoming light;

,907,45° ,135°
RDe 900, 450, 1350 = Roe_ 900, 450, 1350 — Doe, 900, 450, 1350 are signals, corrected by dark reference value. For
the ScanPol polarimeter the values A/, A2 are intra—telescope calibration factors that

equalize non—polarized input responses:

Kl= (RDO”) , K2 = (RD45") : (7)
(RD,,.) (RD,)

&1 and & are clocking offsets of Wollaston prism from the exact angle position (0°+¢;, 90°+¢,

45°+&y, 135°+&,,); Ginst, Uinst are the stray light instrumental polarisation Stokes parameters, which

appears for non-polarized input light; a,, a, are polarization scaling factors that includes stray

instrumental depolarization of light due to the polarizer, telescopes, and mirrors errors:
I+e I+e,

= a =

q > Tu

l-e

a

(8)

I-e,
where 1/e,, 1/e, are Wollaston prism extinction ratios.

The retrieved Stokes parameters ¢ and u can be calculated from Eq. (6) in two ways: first, by
iterations as described in equations (26) — (29) in (Cairns and Geogdzhayev, 2010); second, without
iteration using the accurate approximation according to equations:

DinstS2 (Sl + uinstAIof’ —90° ) - (1 + uinst2 ) (CZA[()”,g()” - SIAI45” -135° ) + clqinst (CZ + uinstAI45"—l350 )
q =
S1S2 + CICZ + (CZqinst + S2uinst )AI()" —90° + (Cluinst - Slqinst ) AI45” —~135°
2
L U, ,C, (cl + qimAlooigoo ) — (1 + G, )(SzNOo,goo + c1A145071350 ) +su,., (52 — qi,,S,A[waSu ) 9)

SISZ + clc2 + (C2qinst + S2uinsr )AIO" —90° + (cluinst - Slqinst )AI450 —135°

where:
_RD,-KURD,, _RD, -K2-RD,,
“" RD,+KI1-RD,, * *"" RD_+K2-RD,, "

¢, = cos(gu), 8§, = sin(gm) s AL,

In equations (6) — (9), indexes 1 and 2 refer to the two parallel light paths. First includes
telescope T1 and the Wollaston prism W1 and second one — telescope T2 and the Wollaston prism
W2 respectively.

Therefore, the Stokes parameters characterizing the scene can be retrieved for input light
from equations (9) after determination of the calibration coefficients for the ScanPol instrument
spectral channels.

3.2. Ground-based calibration approach
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The ground-based polarimetric calibration of the ScanPol polarimeter has been developed using
two stages. At the first stage, the static part of the ScanPol polarimeter, without the scan mirrors, is
calibrated. It is supposed that the linear polarized light with the highest DoLP and the periodically
variable AoLP is used as input signal for calibration. This configuration is described by equation
(5) when matrix of the scan mirrors assembly Mgy, is excluded. In that case, the general equation
for the zero compensated four signals in all four paths is given by:

RD(t):A,K-[MA(e,aA+g)-MT(5T,aT)-[1 0 U oﬂoz
= A IK ( p/a)[q[cos(z(aA +&))[ (cos(8,)—1)sin’ (2at,) +1] -4 sin (2(ar, +g))sin(4aT)(cos(5T)—1)]+

+u [sin (2(a, +¢)) [(cos(é‘T) —1)cos’(2a,) + 1] —Lcos(2(a, +¢))sin(4a;)(cos(S;) - l)ﬂ + A4 1K
(10)

where a is polarization scaling factors (a,, au), p is the actual DoLP value of the input polarization
and ¢, u are the actual normalized Stokes parameters of the complete linear input polarization with
variable AoLP value (0=Q ), i.e. are equal g=cos(2€)) and u=sin(2Q)¢). The value / is an
intensity of input signal. Equation (10) can be transformed as:

RD(t) = A IK + A IK (p/ a)[cos(2Q1)B +sin(2Q¢)C] = "
=AIK+AIK (p/a)p,(cos(2Qt)cos(2ex )+ sin(2Q¢) sin(2ex ;)

where
B=cos(2(a,+¢)) [ (cos(8,)—1)sin*2a, )+1]——sm(2(a +¢))sin(4a; ) (cos(5,) 1)

C—sm Z(aA +5) [ cos(§ )— 1 cos (20{T)+1]——cos 2(aA+g))51n(4aT)(cos(5 )— 1) (12)

P =NB +C?; cos(2a,;)=B/NB*+C*; sinQRa,;)=C/\NB>+C*;

In equation (12) the parameter p,r is an additional depolarization introduced by the birefringent
telescope and due to Wollaston prism clockig offset. Index A7 refers to multiplied Wollaston prism
and telescope depolarization.

Equation (11) describes equivalently the case when the signal RD(¢) is an output of linear
polarizer with effective depolarization scale factor a’ = a/ppr , clocking offset ¢’ =a 47 — a4 Wwhen
the complete linear polarized light with Stokes parameters g=cos(2€2¢) and u=sin(2€2¢) is an input.
Replacing parameter a7 = a4 + €', equation (10) is transformed to:

RD(t) = A IK + A IKa''[cos(2Qt) cos(2(a , + £')) +sin(2Q1)sin(2(a , + &))] (13)

Note that equation (13) is written in form of the Fourier series, where a, = 4 IK is the zero

harmonic value. The values of second harmonics by cosine and sine are
a,=AIKa"'cos(2(ax,+¢&')) and b,=4IKa" "'sin(2(a,+¢"). To determine the mentioned

calibration parameters for all intensity paths, the appropriate harmonics values are used:

a,+¢&' :%arctan(b2 /a,); @ '=4a,”+b,’ /a,; (14)

Eq. (13) 1s most simple and general. However, it describes completely how an intensity of
input linear polarized light is transformed in all light paths of the ScanPol polarimeter. To avoid all

possible misunderstanding, the concrete form of Eq. (13) for each of RD

0 o0 450 135" signals at output

of Wollaston prisms is given as:
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RD,(t)=AIK, +A4IK, a;‘l[cos(2Qt) cos(2(0° + &/)) +sin(2Q¢) sin(2(0° + &/))],
RD,,(t)=AIK , +A4IK , a;’l [cos(2Q¢) cos(2(90° + &) +sin(2Q¢) sin(2(90° + &/))]
RD,, ()=A4IK,, +4IK,|, a''[cos(2Q¢) cos(2(45° + £5)) +sin(2Q¢) sin(2(45° + &£1))],
RD . ()=A4IK. , +AIK a' "'[cos(2Q¢) cos(2(135% + &})) +sin(2Q¢) sin(2(135% + &}))]

135°
where the subscript indices 0°, 90°, 45° and 135° correspond to four light beams registered by
four sensors; indices 1 and 2 refer to telescope T1 (Wollaston prism WI1) and telescope T2

(Wollaston prism W2) respectively (see Fig. 3); parameters K, directly connected with

,90,45°,135°

K1 and K2 in equations (6) and (9) as K1=K , /K ,, K2=K, , /K .

00° >

The obvious way to determine the isotropic gain coefficient K is to use the non-polarized
light source. Since the Stokes parameters g and u are zero in this case, the values K1, K2 and inter-
telescopes gain difference C12 are determined as relation of the corresponding signals at the output
of the Wollaston prisms:

KIZRD()O / RD 90° , K2= RD45° /RD135° ) Cl12= RD()O /RD45° . (15)

Without using the non-polarized light source, the second way to determine K values is the

calculation of the relations of zero harmonics in the different light beam paths:
Kl=a_, /a ; K2=a /a ; C12:a0(00)/a0(450),(16)

— %000 0(90°)? 0(45°) 0(135%)
where the parameter C12 is inter-telescopes gain differences.

In that way, the static part of the ScanPol instrument has been calibrated. The second stage of
calibration is the inclusion in the model the scan mirrors.

The model for the Stokes vector parameters (/',Q',U",}V'"), that arrives at the telescopes and are
partially modified due to mismatches in scan mirrors, is applied in the form described in (Cairns and
Geogdzhayev, 2010):

I 1 +q,,,Q+u,U

' I . _
Q — qmst Q (1 7)
U ' I uinst - U
V! V'

In Eq. (17) parameters (/,Q,U,V) are actual Stokes parameters to be retrieved. The

parameters, which have to be determined, are ¢;,;; and u;, that are approximately equal to elements

m,, =cos(2a,,)B and m, =sin(2a,,)B of normalized Mueller matrix of scan mirrors (see

Eq. (2) for Mgy ). From Eq. (17), the instrumental parameters ¢, and u;,s, are the Stokes
parameters at output of the scan mirrors assembly for non-polarized incoming light. Therefore, they
can be measured accurately by the calibrated part of the polarimeter.

It can be shown that the arbitrary polarization instrumental imperfection of the ScanPol
polarimeter can be corrected precisely by applying approach, which is used above to compensate
the telescopes imperfection. For example, the arbitrary polarization due to the instrumental
imperfections of the ScanPol polarimeter can be reduced using the new effective parameters

a_,',&._, and the new effective gain values K1', K2'. There is no need to define any instrumental

polarizations, which is the significant advantage of that approach. However, all calibration
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parameters will be the function of the prism, telescope and mirror imperfections, and will be
different for all intensity channels that are disadvantage of the approach. Therefore, the orbital
calibration of the ScanPol polarimeter becomes more complicated, since the number of the
reference units at the orbit is restricted to one depolarizer (non-polarized reference assemble, one
per telescope) and one prism polarizer with fixed orientation (polarized reference assemble, one per
telescope).

3.3. In-orbit calibration approach
Orbital calibration procedure of the ScanPol polarimeter is based on the APS/Glory approach
described in (Cairns and Geogdzhayev, 2010). The orbital calibration is provided using the
reference units that have installed inside the ScanPol instrument, which is shown in Fig. 5. The
depolarizer unit contains the quartz wedge depolarizers, which guarantees the non-polarized with
zero DoLP value reference light at the input window of the ScanPol. The dark unit is the dark
chamber with the light adsorbing coating to set the zero level bias for the registering electronics of
the ScanPol. The solar unit is the scattering diffuse plate with the well-known bidirectional
reflectance distribution function (BRDF), which is used for the radiometric calibration of the
ScanPol intensity paths. The polarizer unit is a set of four Glan prism polarizers with the fixed well-
known orientation. The polarizer unit produces the light with the linear polarization of high DoLP
value and well-known AoLP value. The scan mirrors are rotated and guide the scattered light from
the nadir direction, which transmitted through and scattered from the reference samples to the
ScanPol polarimeter measurement channels with axes that are perpendicular to the plane of Fig. 5
and parallel to the axis of the scan mirrors rotation.

The sequence of the algorithm for orbital calibration of the ScanPol instrument is following.
First, the mean value of “zero” signal is determined:

i

Z DU‘A (B)

=4 18
%y (l _ 1) > ( )
where D, ,, values are the dark reference signal for no incoming light when the scan mirrors

“look™ at the dark calibration unit at the angle f. The f; angle is changed in the fy+/; range when
the SM look at extended dark unit (see the shaded sector in Fig. 5).
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Fig. 5. The scan mirrors and calibration units layout of the ScanPol instrument: red segment is scan
mirrors with rotation direction shown; blue element is quarts wedges of the depolarization unit seen at

Baep angle; green element is the Glan prism polarizer unit seen at S, angle, black element is the dark
unit seen between S, and f; angles; solar calibration unit seen at S, angle. Scanning along-track
directions between scan angle f,,; = +50° and £, =—60° from nadir (fp.4ir)-

Then all raw signals R which obtained at the other SM direction angles, are corrected

as(B)?
by averaged D, from equation (18).

Second, the radiometric calibration coefficient A is calculated. This coefficient is retrived

from the signals detected by ScanPol at the time when the satellite platform after special
manoeuvre is directed at the Sun (Moon). Then the sunlight (moonlight) of known intensity is
scattered by the solar unit (see Fig. 5), whose BRDF is well defined. When the Wollaston prism

output angle «,=0"and the gain coefficient K=1 in equation (5), then from equation (13)

4.=1,,/RD,,where I, is the known absolute value of intensity.

Third, the calibration parameters K1 and K2 can be updated using the ginst, tinst and aq, , a

that are supposed to be stable. When the scan mirrors look at nadir through depolarizer unit (SM
position PBgep, see Fig. 5) the values ¢ =0 and u =0, therefore Eq. (6) is simplified to:
r-1

RD ,-K1-RD_,
g 0= 4! [, cOS(28)) +u
RD, +K1-RD,,

RD . —K2-RD
135

4 “=a'"[~q, _sin(2&))+u
RD,, +K2-RD [ sin22)

135°

inst Sin(zgl')]

(19)
cos(2£;)]

inst

From Eq. (19) we obtain updated calibration coefficients K1 and K2:

1-d'q RD —a'u’ \RD
Kl — ( aqu,nst J 0 ; K2 — [1 al:uzrnst ] 45 ; (20)
1+a,q;, |RD,, l+au;,, )RD, .,

u”"inst
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where

' =g, cos(2e)+u,  sin(2e’
qmst qmst ( 1 ) inst ( 1 ) (2 1 )

=—q,,, sin(2&;) +u, , cos(2s;)

'
inst

u

inst

!

we use the stable

u

Last, for the updating of the depolarization scaling factors aq' and a

calibration coefficients K1 and K2. When the SM looks to nadir through polarizer unit (the MS
position —Bp.1, see Fig. 5), the incoming light polarization is linear with well-defined azimuths,
which values are set during the laboratory pre-flight calibration procedure. Therefore, the Stokes
parameters of the incoming light are known exactly. They are used as calibrated input ¢, and u_, .

Substituting values ¢,, and u,into Eq. (6), we can update factors aq' and au', knowing other

calibration values:

' '

r_ q cal + q inst . r_ u 'cal +u 'in.s't . 22
%~ RD, —K1-RD,, » %~ RD_, —K2-RD,_, (22)
° - (1 + qcal qmst + ucaluinst) . 15 (1 + qcal qt’nst + ucaluinst)
RD00+K1-RD900 RD450+K2-RD1350
where

qcl’al = _qcal COS(2€1’) - ucal Sin(zgl’) (23)

!

ucal = QC(II Sin(282’) —u COS(Z‘QE)

cal
.« . . . . . ! ro., .
To minimize and equalize the relative errors in updated @, and a, it is reasonable to use the

calibrated polarization with comparable values of ¢, and u_, . This condition is fulfilled for the

AoLP value of 22.5°, which is the set angle for the reference Glan polarizers. Using calibrated
parameters determined above, the retrieved Stokes parameters of scene ¢ and u can be calculated
from Eq. (9). The DoLP value is:

DoOLP = p =+/q* +u’ (24)

Azimuth of linear polarization AoLP is:

real —

AolP=6, 6 = %arctg (zj — O » (25)
q

where 6, =90° -5,

rotation of the scan mirrors.

because the azimuth angle of polarization is rotated synchronously with

adir

4. Multispectral imaging polarimeter MSIP calibration model

4.1. Multispectral imaging polarimeter modeling

The concept of the imaging polarimeter optical layout has been proposed by Sinyavskii et al.
(2013). The design allows measuring the Stokes vector components simultaneously in wide-angle
field-of-view by separation of the light paths into four images using set of prisms. The MSIP single
polarimetric optical unit is shown in Fig. 6.

In the MSIP channel the four-sector polarizing film are placed providing polarization angles
0° 90°, 45° and 135° (see Fig. 6 and Fig. 7). The system of the deflection prisms (achromatic in
420-850 nm spectral band) serves for separation of the input image to four images (see separation
system (6) in Fig. 6 and Fig. 7). Camera lens creates the image of scene simultaneously in four
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polarization directions at the sensor of one of the three spectral polarimetric units in the 420-850
nm spectral bands.
1 2 3 4 5 6 7 8

_ N 1
U}U

i

-
Bwod

View A

Fig. 6. The one optical polarimetric unit layout of the MSIP polarimeter. Letter A shows view
to input window with four film sector polarizers: collimator (1), field-of-view aperture (2),
collimator (3), the polarizing element composited from polarizing films (4), spectral band
filter (5), prisms for separation the input image to four images (6), camera lens (7), and the
image sensor (8).

In Fig. 7 the main elements of the MSIP optical polarimetric unit are shown, which influences
quality of measurements of polarisation parameters p and 6 in the scene image. The lenses of the
telescope T (see Fig. 7) could have areas with stress that produce additional retardance. These
instrumental errors are described by the Mueller matrix (see Eq. (3)) at each pixel (i, j) by phase
shift d74; and orientation of anisotropy axes arg . In further consideration the (7,j) indices are
omitted meaning that all calculations are related to the separate pixel at the image sensor.

Next group of elements in Fig. 7 that impact quality of the polarisation scene retrievals are
four polarizing films (analyzers). Each of the polarizing films A1+A4 is described by the Mueller
matrix (see equation (4)). Their azimuths «, are approximately 0°, 90°, 45°, and 135°

correspondingly with unknown clock offsets ¢ +¢,
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Image sensor

/ 10°(i,) las°(i,j)

Al

Four-channel image separation system

I
A4

A3

1135°(i, f) I loo°(i )

Four images at image sensor with
polarizing film positions:
Al 0° A2 90° A3 45° A4 135°

Trasmission axis of
polarizing film

Telescope T

Sin — Input image

Fig. 7. The main elements of the one spectral polarisation unit of the MSIP polarimeter. Image
separation system (at top left): (1) the base of separation unit, and (2-4) achromatic wedges for image
separation into four images with different polarisations. Set of four images (at top right) with the
position of polarizing element 0°, 90°, 45° and 135° in the areas Al, A2, A3, and A4 at the image
sensor. Four real Moon images are shown in the four polarization angles as an example.

Similar to the ScanPol, the each of the MSIP beam paths can be characterized by different
gain K. Values of dark reference signal D with no incoming light for sensor pixels could be
different as well. The light intensity, which is received by specific pixel of the sensor in the beam
path of the corresponded polarizing film, can be described as:

I, = A (R, -D,),

-1
Ly =(4K1) (R, =Dy ),

) (26)
I, =(4K2)" (R, -D,,),
_ -1
]135“ =(4,K3) '(R135° _D135°)’
where DO,, 900 457 135° is the dark reference signal for no incoming light at the pixel, measured for

different beam paths; R are raw values of the measured signal; 4, is radiometric

07,907,457 ,135°
calibration coefficient for measured intensity; K/ + K3 are the gain coefficients in the corresponded
MSIP optical unit. For simplicity, the absolute radiometric calibration coefficient 4, of the MSIP
polarimeter is provided only for the optical path with the orientation of the transmission axis 0° (in
the area Al, see Fig. 7). For optical paths corresponded to the areas A2, A3, and A4 (Fig. 7), the
gain factors K1 + K3 will be determined relative to area Al. Then, if necessary, the signals of
absolute intensity in these areas can be reconstructed by multiplying K1 + K3 by 4,.

Considering polarization parameters of the MSIP optical paths (Fig. 7), the equations that
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determine signals R for the input light polarization S, are given by:

07,90°,45°,135°
R, =A[M,(a,0"+&) My, (5,,.27,) S, ]O +D,,.
Ry, = AKI[M ,(a,,90° +)-Mp, (55, 27)-S e | + Dy 27)
Ry, = A,K2:[M (43,45 +£)-Mpy(3,27) S e |, + Do
R, =AK3: (M, (a,135 +£,) M, (0,,.0p,)- s]o +D,,.

Therefore, the parameters K1+K3, a, ,,& ,, O 4,0, 4 should be determined to retrieve the

required Stokes parameters /, O, U, DoLP and AoLP. In equation (27) and below, the scale factor a
1s used instead of extinction ratio e as argument of the polarizer Mueller matrix, since it appears in
the final equations. In addition, the telescope parameters in beam paths are separated to four
independent considerations, because a spatial distribution of the telescope polarization parameters
in the image system should be also taken into account.

4.2. Polarimetric calibration of the MSIP channels

The general expression for the light intensity at the output of the birefringent telescope and
imperfect polarizer sequence was given above by Eq. (10) in Section 3.2. There was also
demonstrated that the given element sequence affects the input light intensity as the single

imperfect polarizer with some new effective azimuth «,; and depolarization factor a’(see Section

3.2). The relationship of these effective parameters with the actual parameters ar, 67, a4, and a
were described in equations (11) — (14). These effective parameters can be determined
experimentally. The MSIP instrument ground-based calibration procedure includes determination

of the dark reference signal for no incoming light D, 00° 457 135° radiometric calibration coefficient

A,,, four sets of gain factors K1 + K3, four offset factors & ,, and four depolarization factors q; ,.
All of these factors correspond to each pixel of the input scene image.

Basically, the MSIP imager-polarimeter has four separated intensity channels with the
different depolarization factors a; , and offsets &/ ,. Therefore, we cannot use Eq. (6) (see Section
3.1) for retrieving of the Stokes parameters. However, the raw intensities after the film polarizers
and the separation system are related to the input intensities as

RD,, = A I{1+a] '[qcos(2&)+usin(2&/)]}

b

RD,, = A K1I{l-a; '[qcos(2&,)+usin(2})]} ’

RD,,, = A K2I{1-a;"[gsin(2¢;) —ucos(2¢})]} ’ (28)

RD ., = A K3I{l+a; ' [¢sin(2s;) —ucos(2&;)]}

where RD, =R, —D, . The dark reference signal values D,

ay

are retrieved using measurements

when the aperture of the MSIP channel is closed.
The highly depolarized light source and rotated linear polarizer with extended homogeneous
field (for example, the integrating sphere and high quality polarizing film that covers the MSIP

field-of-view) is used to determine the offsets ¢/, and parameters depolarization factors a; ,. The
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polarizer should overlap the MSIP polarimeter FOV. In this case, the signal at output of the MSIP
polarimeter polarizers will be in general:
RD(t) = A KI{1+a' '[cos(2Q¢) cos(2(ar , + &"))+sin(2Q¢) sin(2(e , + £')]} (29)
Equation (29) is the similar for all pixels of the CCD matrix when instead of K, a' and &' we

!
1-4,i,j 2

introduce 4,;;, K1;;+K3; ,j,al'74,l.,j and ¢ respectively, to specify the certain pixel of the CCD
matrix. Instead of the parameter «,, we insert 0°, 90°, 45°or 135° angles for different film

polarizers, respectively. According to Eq. (29) and similar to equations (13) — (15), the calibration
parameter for each pixel can be assessed as:

1
a,+¢& :Earctan(bz la,)—; a''=4/a,>+b, /a,; (30)
K1 =250, /ao(oo); K2 =20 /30(00); K3 =250 /30(00)' (31)

wherea,=A4IK is the wvalue of the Fourier series zero harmonic, and
a,=AIKa" " cos(2(ax,+¢&'")), b, = AIK a' ' sin(2(a, + &")) are the values of the second harmonics

by cosine and sine correspondingly. Radiometric correction 4, should be determined in series of
radiometric calibrations with non-polarized source with the well-known intensity.
The MSIP polarimeter has four separated intensity channels with different depolarization

factors a; , and different offsets & ,. To derive the new equations, equation (28) has been

rewritten in the matrix form:

1, 1 a'cos(2g))  a'sin(2g])

I, |1 ~a," cos(2&}) —d;'sin(2g;) | 0 (32)
I, 1 —a/'sin(2g])  a{' cos(2&))

1. 1 a,'sinRe)) —a, ' cos(2¢))

where [, =RD, /A, I,, =RD,, | AKl, I, =RD,_ /AK2, I  =RD_,/AKS3.

45
Then the retrieving expressions are:

SHL a'cos(2¢))  a'sin(2¢g)) I,

1 —a."cos(e)) —a)'sin(2&)) I
Q - 2!—l : !2 Ifl ’2 ) " (33)
U 1 —ai'sin(2¢})  ai' cos(2¢)) I,

1 a)'sin(2e)) —a)'cos2el)| |1

In equation (33), the perfect matching of the four polarized images Al1-A4 (see Fig. 7) is
assumed. The ground-based calibration using the calibrated mesh field image will be applied to
reduce possible geometrical mismatching between image pixels. The power (—1) upon the matrix of
imperfections in the equation (33) determines pseudo inversion of the rectangular matrix. Equation
(33) allows retrieving the absolute Stokes parameters by the least square approach. However, this
equation is unsuitable to provide the intercalibration procedure. Therefore, it is reasonable to use
the ScanPol and the MSIP polarimeters intercalibration for the further simplicity. Furthermore,
given case is more fit to avoid the use of the absolute intensity and the radiometric calibration
parameters.
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There are no specific criteria to choose the specific pair of the raw data to build relations
mentioned above. Moreover, all possible combination of the relations would be used to averaging
the values of the normalized Stokes parameters. Below the one of the possible cases is considered.
In particular, from Eq. (28) it is can be written:

RD, 1 1+a/'(gcos(2¢))+usin(2s)))
RD_,  Kll-a,"(gcos(2¢])+usin(2¢)))’

90

RD,, _K21 —a} ' (gsin(2¢}) —u cos(2&}))
RD .., K3 1+a,'(gsin(2&})—ucos(2¢&}))

135

(34)

or in matrix form:

where
RD,, b
[ XJ RD,, Kl |
Y RD45(, B Q
RD , K3

135°

! D 0 ’ ’ R 0 . !
a'K1" cos(2¢, )+ a) ' —"-cos(2¢,) a/'K1'sin(2g)+a, —L-sin(2¢,)
RD_, , 36
B= 90 90 ( )
RD RD

-1 r—1 45° -1 -1 45°

K2 , . , K2 ,
-a; Esm(&eg)—a4 2D sin(2¢, ) a; 6005(26‘3)‘*“’4 RD

135° 135°

cos(254')

The required Stokes parameters are found from Eq. (36) as:

o

Equation (37) is the final equation for determination of the normalized Stokes polarization
parameters of scene in the pixel area. The equation includes all calibration parameters described
above and is a general equation for all pixels of the scene image where each parameter is the
individual characteristic for image field in area of each specific pixel. From equation (28), the
absolute value of the intensity as 7 =RD, / 4, {1+ a"'[q cos(2&])+usin(2&])]} can be retrieved.

5. ScanPol and MSIP polarimeters intercalibration

The ScanPol polarimeter includes the calibration units, which provide control of the measurements
reliability and specify several calibration parameters on orbit. However, the MSIP polarimeter has
not included onboard calibration due to the technical difficulties to design calibration units for the
MSIP. The both polarimeters are combined in single mechanical unit that adapted to the YuzhSat
satellite platform (see Fig. 8).
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Fig. 8. The ScanPol and MSIP polarimeters combined in the single unit adapted to the
YuzhSat microsatellite platform: (1) scan mirrors assembly, (2) ScanPol unit, (3) polarizer
calibration unit, (4) photometric calibration unit, (5) dark unit (black body), (6) depolarizer
calibration unit, (7-9) MSIP polarimetric units, (10-11) MSIP intensity units, and (12—13)
interface units.

The FOVs of the ScanPol and MSIP polarimeters have the parts of the scene that are the same
(see Fig. 1). This feature will be used for intercalibration of the MSIP on the orbit using the
ScanPol data in the same parts of field-of-view.

For intercalibration, the two possible cases are considered. In the first case, we determine the

parameters of the radiometric calibration and the gain factors 4,, K1+K3 when values D, , a,

and &/, are stable. In the second case, we calculate the depolarization factors @ , when the gain

parameters A4,, K1+K3, dark reference value D, , and offsets &/, are stable. For the MSIP

calibration, we need to know the precise calibrated values of absolute intensity /., and Stokes

parameters ¢.,and u, of scene that is observed by the MSIP polarimeter. These values are

provided by the calibrated ScanPol measurements. Then, using Eq. (28), the MSIP polarimeter
radiometric and gain factors can be obviously updated as:
RD ,

0 .

I ,{1+a[q, cos(2¢)+u,, sin(2&)]}’
Kl= RD,, {1+a'[q,, cos(2&)+u,, sin(2&)]}
RD, {1- a,"'[q., cos(2&})tu,, sin(2&))]}

r

— RD45" {1 -’_alF1 [QCal COS(2£1')+uml Sin(zgl,)]}
RD, {I-d} [q,, sin(2&})—u,, cos2e))}

cal
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K3 RD.., {1+a/'[q,, cos(2&)+u,, sin(2g)]} (38)
RD, {1+a;'[q,,sin(2&;)—u,, cos(2&})]}

cal
The corrections of the depolarization factors we obtain from Eq. (28) as:
Ica[ (qca[ COS(281’)+ucal Sln(281,)) _ a! .
RD,/4,-1, v

_ Ical (qcal COS(ZS;)“’MMI Sin(zgé )) _ ar
RD,, /AKI-1I,, ?

90°
(G sin(2&;) —u,, cos(2&;)) o
RD,_ /AK2-1, }

45°

(39)

Ical (qL'al Sin(zg!l) B ucal Cos(zg;& )) _ ar
RD ., /AK3-1, !

In Eq. (38) and (39) the intensity /., and Stokes parameters ¢., and u., are calibrated

parameters provided by the ScanPol for the corresponding pixels of the MSIP image sensor.
6. Polarimetric calibration validation in the numerical experiment

The numerical experiments were performed to validate the ScanPol and MSIP polarimeters
calibration procedure.

The model equation (5) is used for the ScanPol polarimeter calibration. The imperfections of
the polarization properties of the scan mirrors, telescopes and polarization prisms of the ScanPol

/R ,,6 ,—0

psl ps2°Ypst T Ypsao a

polarimeter are described by the parameters R v, Op,0p, € and e,

respectively. The isotropic gain/absorption in each optical channel is defined by the parameter K.

In the MSIP imaging polarimeter case the equation (10) was taken in consideration as a basic
for all pixels’ signals modelling. Thereby as imperfections of the MSIP polarimeter the only
parameters o, ,, , ¢ and e needed to be considered.

It is expected that all mentioned imperfections will have constant values or vary
insignificantly at least during the one revolution of the scan mirrors. These parameters will be the
source of systematic errors in determining the DoLLP and AoLP values. Another source of errors in
the polarimeters will be the noise of photodetectors, amplifiers and analog-to-digital converters,
which obviously have a random nature. In the numerical experiments calculation, this source
considered as a randomly generated additive term with amplitude Al

Ideally, the scan mirrors are identical, the telescope lenses for both polarimeters are isotropic,
the Wollaston prisms and polarizing films are precisely oriented and have infinite extinction ratios,
the isotropic gain/absorption in all optical paths is equal within each spectral range and the random
noise is absent. Then the imperfection values are: R, /R, =1, 6,,—6,, =0, @, =indefinite.,

0, =0,a, —indefinite, =0, e=0, Al =0.

Preliminary measurement of the imperfections for the ScanPol polarimeter prototype and the
MSIP polarimeter optical path parts allows estimates the upper limit of their values as:

=R, /R,,[<004,|5,,-5,,|<2°, a, ~1", (40)

ps2 psl - ps2
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8, <5 ,a,~10°, £<5', e<10™*, AI/1_, <107,
where upper limit of parameter e taken in worst case of polarizing films in the MSIP polarimeter
case.

Radiometric calibration coefficient 4, and the dark reference signals D, were not assessed

at this stage and their values assumed equal 1 and 0, respectively.
The following series of numerical experiments allowed to assess the errors Ap,, and A6, in

retrieved degree p,, and angle @, of input scene polarization when the uncalibrated ScanPol and

ret

MSIP polarimeters are used. During these experiments, the calculations of the signals ROO’%(,’ 459 1359

for a different actual values p . and 6, of scene were performed according Eq. (5) and Eq.

scene

(10), respectively. Stokes vector of scene polarization in Egs. (5) and (10) considered in form:

IT+Al
scene = (I + AI) pscene COS (2 . gscene ) (41)
(1 + AI) pscene Sln (2 ' 9565‘}16 )
0

where / is common intensity of scene (defined as unitary), and A/ is random value that models an
additive noise.

The values of introduced by the ScanPol and MSIP polarimeters imperfections (see Eq. (5),
Eq. (10) and Eq. (41)) vary randomly within ranges of Eq. (40). Parameters of the input scene
€[-90;90].

The calculated values ROU 000 450 135 ATC used to retrieve degree and angle of the scene

polarization p_, and @, vary within admissible ranges p_.. €[0;1] and 6

scene scene scene

polarization as:

— 1
pret = qret + uret > eret = EarCtan(uret /qret ) > qret =

One of the obtained numerical results for the uncalibrated ScanPol polarimeter is shown in

Ro" _R90“ u = R45“ _R135“
R,+R, "™ R_+R

45° 135°

Fig. 9. In particular, in the Fig. 9a the dependence of Ap, , error on the scene polarization

parameters p_,.. and 6 is shown. In Fig. 9b the dependence of A@, error on scenes’

scene ret

polarization parameters p .. and &, is shown.

scene
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(b)
Fig. 9. Evaluation of the retrieved (a) DoLP error Ap,, and (b) the AoLP error A8, dependent

on DoLP and AoLP values of the input scene for the uncalibrated ScanPol polarimeter
prototype.

Under conditions of Eq. (40) the errors in retrieving of the scene polarization may reach up to
10% for DoLP and up to 20 degrees for AoLP if the ScanPol polarimeter calibration procedure is
ignored (see Fig. 9).

The shape of surfaces in Fig. 9 depends on the specific values of the ScanPol polarimeter
imperfection. However, the error upper limits are stable on average. The smoothness of surfaces in
Fig. 9 is explained by the negligible random intensity noise in comparison to the systematic error
value due to other imperfection parameters in Eq. (40).

The uncalibrated MSIP polarimeter demonstrated the similar to Fig. 9 behavior of the DoLP
and AoLP errors with the only difference in the error upper limits that were twice less than in the
ScanPol polarimeter case (Ap,,,~5% and A8, ,~10 degrees).

The next series of numerical experiments were carried out with the ScanPol and MSIP
polarimetes, which are calibrated in accordance with Subsections 3.2, 3.3 and Subsection 4.2,
respectively. The reference calibration polarizer has parameters: e <107, clocking offset £<0.1°,
and the test depolarizer ideal characteristics is assumed.
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(a) (b)

Fig. 10. The retrieved (a) DoLP error and (b) the AoLP error dependent on DoLLP and AoLP
values of the input scene for the calibrated ScanPol and MSIP polarimeters.

The experimental DoLP error and the AoLP error dependencies, obtained for calibrated
ScanPol and MSIP polarimeters, are similar for both instruments. They are shown in Fig. 10 that
demonstrates the effectiveness of the calibration procedures. These procedures can reduce the
systematic errors in the way when the random additive noise becomes the primary source of errors
Ap,, and A@ . The last one explains the roughness of surfaces in Fig. 10 as well as the similarity
of errors dependencies for the calibrated ScanPol and MSIP polarimeters cases. In these cases, it is
important to use high-quality reference polarisers and the polarizer rotation mounts. In addition, the
experiment predicts an independence of the Ap  error on the p . and 6 _  variables. The A&

scene ret

error is independent on &, but depends on p_ .. The A@ , value grows asymptotically when

Doene tends to the zero value, conditioned by indefiniteness in polarization angle for unpolarized

light (see averaged dependence in Fig. 11).
2,01

]
00 02 04 06 08 10

pscene

Fig. 11. An averaged dependence of the retrieved AoLP error A8, on the DoLP absolute

ret

value of the input scene for the ScanPol and MSIP polarimeters validation.
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Finally, the experiments demonstrated that the calibration procedures for both polarimeters,
by fulfillment of condition of Eq. (40), in average provides the DoLP error Ap , ~0.08% (to 0.15%

>0.2 (see Fig. 11).

Note that the polarimetric calibration validation for MSIP polarimeter was made in single
pixel approximation. The last one does not consider the images mismatches in specific pixels,

required), since the AoLP error A6, is not exceed 0.2 degrees for p

scene

geometrical and spatial imperfections of optics and other distortions, which are usual for the
imaging systems, and which can reduce the accuracy of the polarimetric measurements made by the
MSIP imaging polarimeter significantly. Therefore, the expected MSIP polarimeter DoLP
measurements accuracy is Ap,, < 0.5% and the AoLP measurements accuracy is A@ < 1°, which

ret —

includes polarimetric calibration validation results.
7. Discussion and conclusions

The space mission Aerosol-UA instrument calibration methods and procedures are discussed. The
polarimetric models are developed and described using self-consistent Mueller-Stokes formalism
(Chipman et al., 2018) for the ScanPol scanning polarimeter and the MSIP multi-spectral imaging
polarimeter. The models describe the transformation of polarization and intensity of light
propagating in the ScanPol and MSIP polarimeters with polarization imperfect optics.

Basing on the developed models, the corresponding calibration procedures were proposed.
The calibration procedures allow compensating the zero bias of polarimeter channels, the channel
gain difference, orientation offsets and finite extinction ratio of the polarizers, birefringence
inserted by telescopes and additional instrumental polarizations produced by mismatches in the
scan mirrors of the ScanPol polarimeter.

The Aerosol-UA mission instruments concept is similar to the CrossFire experiment (see
http://ddl.escience.cn/f/P3ui) composed of Directional Polarization Camera (DPC), which is the
POLDER type imager (Li, et al., 2018), and Particulate Observing Scanning Polarimeter (POSP),
which is the APS type scanning polarimeter (Mishchenko et al., 2007). The expected accuracy of
the DoLP and the AoLP measurements of the ScanPol and the POSP polarimeters are comparable
since both scanners are similar to APS/Glory instrument. However, their scanning directions are
orthogonal. The ScanPol polarimeter allows observing the multiangle scattering along track similar
to APS/Glory concept, and the POSP polarimeter provides the cross-track scanning. Obviously, the
data from both instruments can effectively complement each other since they are not duplicated
being launched in orbit similar to the A-Train constellation (L'Ecuyer and Jiang 2010). In practice
that would increase the reliability of the estimates of the aerosols parameters.

The DPC imaging instrument, which is single imaging sensor with a revolver switching
analyzers with 0°, 60°, and 120° degrees polarization for each spectral filter, provides the time
sequential measurement concept. The DPC polarization angles are optimal for minimizing the
random errors. Using the single imaging sensor make it easier to customize and easier to combine
the pixels in the images. However, this approach is slow, which produce blurring of the image
especially when the observed spectral range is changed. In comparison to the DPC polarimeter, the
MSIP imaging polarimeter is original, multichannel and therefore provides simultaneous
observations in the all-spectral bandwidth and the all polarization directions. In the MSIP
polarimeter, the use of the sensors optimized in sensitivity for each wavelength improves accuracy.
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These MSIP polarimeter features should provide better polarimetric accuracy of < 1% than the
DPC polarimeter of <2%. The calibration of the MSIP polarimeter using simultaneous ScanPol data
improves the polarimetric accuracy of the MSIP. The CrossFire experiment concept can also
provide the DPC and the POSP polarimeters intercalibration.

The ScanPol polarimeter calibration on orbit will serve to control the polarization and
radiometric measurement quality. The data corrections will be made using the reference calibration
measurements (see Eq. (20) — (22)) in the assumption that the polarization characteristics of
reference units are more stable then polarization characteristics of the ScanPol polarimeter optics.
The ScanPol optics will experience the degradation or/and the contamination during the mission
orbital period and the measurement quality may be reduced. The validation experiments of the
calibration procedure show the ScanPol polarimeter DoLP error < 0.08% with required < 0.15%,
and the AoLP error < 0.2 degrees.

The MSIP polarimeter calibration procedure is simpler in theory, in comparison to the
ScanPol calibration, because the MSIP polarimeter does not include the scan mirrors, which
introduce the additional instrumental polarization. In practice, we understand that the lower
extinction ratio of the polarizing films, inhomogeneity and lower durability (in comparison with
prism polarizers) of the polarizing films, the images mismatches in specific pixels, geometrical and
spatial imperfections of optics and many other distortions, which are usual for the imaging systems,
will significantly reduce accuracy of the polarimetric measurements. Therefore, the MSIP
polarimeter will provide the DoLP measurements within accuracy Ap,, < 0.5% and the AoLP

measurements within accuracy A@, < 1°. The possible degradation of the MSIP polarimeter optics

during the mission period on the orbit should be partially compensated by the intercalibration
procedure using the ScanPol polarimeter data. It is expected that degradation processes in the MSIP
polarimeter optics will have the homogeneous spatial distribution. Therefore, the corrections, which
will be applied to the MSIP polarimeter data using the corresponded ScanPol measurements, can be
used for all the imaging sensor pixels.
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Figure captions

Fig. 1. Scanning geometry in Aerosol-UA mission. Intersection of the ScanPol and MSIP
polarimeters fields-of-view. Dotted line is satellite orbit, 19-8.5-6-8.5—46 km are the ScanPol
polarimeter FOV lengths along track, the grey square is the MSIP polarimeter FOV.

Fig. 2. ScanPol polarimeter optical layout: (1) polarization compensated scan mirrors assembly; (2)
input lens and collimator of the NUV-VIS spectral channel; (3) input lens and collimator of the
NIR spectral channel, (4) Wollaston prisms; (5) dichroic mirrors; (6) camera lens and interference
filters for spectral channels; (7) the NUV—VIS and SWIR sensors; (8) quartz wedge depolarizers;
(9) Glan prisms polarizer; (10) black body.

Fig. 3. Optical layout concept for the MSIP imaging polarimeter: the light path in five optical units and
field-of-view of the MSIP polarimeter: the three polarimetric optical units with white arrows, which show
polarization directions of polarizer film 0°, 90°, 45°, 135°, and the two intensity optical units are shown.

Fig. 4. Equivalent polarization scheme of the ScanPol polarimeter single spectral channel: scan mirrors M1
and M2, telescopes T1 and T2, Wollaston prisms W1 and W2, intensity signals Rge, Rope, Raso and Ry3se,
which are initial data for Stokes parameters calculation.

Fig. 5. The scan mirrors and calibration units layout of the ScanPol instrument: red segment is scan mirrors
with rotation direction shown; blue element is quarts wedges of the depolarization unit seen at fq4., angle;
green element is the Glan prism polarizer unit seen at f,,,; angle, black element is the dark unit seen between
Po and B; angles; solar calibration unit seen at f angle. Scanning along-track directions between scan angle
Pm1 =+50° and S, =—60° from nadir (Syadir)-

Fig. 6. The one optical polarimetric unit layout of the MSIP polarimeter. Letter A shows view to
input window with four film sector polarizers: collimator (1), field-of-view aperture (2), collimator
(3), the polarizing element composited from polarizing films (4), spectral band filter (5), prisms for
separation the input image to four images (6), camera lens (7), and the image sensor (8).

Fig. 7. The main elements of the one spectral polarisation unit of the MSIP polarimeter. Image
separation system (at top left): (1) the base of separation unit, and (2—4) achromatic wedges for
image separation into four images with different polarisations. Set of four images (at top right) with
the position of polarizing element 0°, 90°, 45° and 135° in the areas Al, A2, A3, and A4 at the
image sensor. Four real Moon images are shown in the four polarization angles as an example.

Fig. 8. The ScanPol and MSIP polarimeters combined in the single unit adapted to the YuzhSat
microsatellite platform: (1) scan mirrors assembly, (2) ScanPol unit, (3) polarizer calibration unit,
(4) photometric calibration unit, (5) dark unit (black body), (6) depolarizer calibration unit, (7-9)
MSIP polarimetric units, (10—11) MSIP intensity units, and (12—13) interface units.

Fig. 9. Evaluation of the retrieved (a) DoLP error Ap, , and (b) the AoLP error A8, dependent on

DoLP and AoLP values of the input scene for the uncalibrated ScanPol polarimeter prototype.

Fig. 10. The retrieved (a) DoLP error and (b) the AoLP error dependent on DoLP and AoLP values
of the input scene for the calibrated ScanPol and MSIP polarimeters.

Fig. 11. An averaged dependence of the retrieved AoLP error A6, on the DoLP absolute value of

the input scene for the ScanPol and MSIP polarimeters validation.
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from math import sin, cos, atan

class Calibration:
eps = {1:3,2:3}
e={1:8,2:8}
q_inst=0.2
u_inst= 0.1
q_cal=2**0.5/2
u cal =2**0.5/2
beta nadir =0

def init (self):
selfR = {}
self.D = {}

self.params_dict = {'q": 0,
u': 0,
'DoLLP": 0,
'AoLP": 0}

self.RD = {}

self.c = {}

self.s = {}

self.delta 1= {}

selft K = {}

self.a= {}

self.is_first = True

def make calibration(self, R, D_list):
selfR =R
self.calculate mean dark(D _list)
self.calc_radiometric_A()
self.calculate parameters()
self.update parameters()

self.calculate stokes parameters()

self.params_dict['DoLP'] = (self.params_dict['q"]**2 + self.params_dict['u']**2)**0.5
self.params_dict['AoLP'] = atan(self.params_dict['u'] / self.params_dict['q']) / 2 - 90 +
self.beta_nadi
def calculate mean_dark(self, D _list):
for key in D _list:
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self.D[key] = sum(D _list[key]) / (len(D_list[key]))

def calc radiometric_A(self):
pass

def calculate parameters(self):
self.calc RD()
self.calc_c_and s()

if self.is_first:
self.calc_K()
self.calc_a()
self.is_first = False

self.calc_delta_I()

defupdate parameters(self):
self.update K()
self.update_a()

def calc_a(self):
self.a['q"] = (1 + self.e[1]) / (1 - self.e[1])
self.a[u'] = (1 + self.e[2]) / (1 - self.e[2])

defupdate a(self):
q _cal =-self.q cal * cos(2 * self.eps[1]) - self.u_cal * sin(2 * self.eps[1])
u cal =self.q cal * sin(2 * self.eps[2]) - self.u_cal * cos(2 * self.eps[2])
g inst =self.q inst * cos(2 * self.eps[1]) + self.u_inst * sin(2 * self.eps[1])
u_inst = - self.q_inst * sin(2 * self.eps[2]) + self.u_inst * cos(2 * self.eps[2])

common_part = (1 + self.q_cal * self.q_inst + self.u_cal * self.u_inst)

q_numerator = (q_cal +q_inst )

u_numerator = (u_cal +u_inst )

q ratio = (self.RD['0'] - self.K[1] * self.RD['90"]) / (self.RD['0"] + self.K[1] * self.RD['90'])

u_ratio = (self.RD['45'] - self.K[2] * self.RD['135"]) / (self.RD['45'] + self.K[2] * self.RD['135'])

self.a['q"] = q_numerator / q_ratio / common_part
self.a['u'] = u_numerator / u_ratio / common_part

def update K(self):
g _inst =self.q inst * cos(2 * self.eps[1]) + self.u_inst * sin(2 * self.eps[1])
u_inst = - self.q_inst * sin(2 * self.eps[2]) + self.u_inst * cos(2 * self.eps[2])

self. K[1]=(1 - self.a['q"] * q_inst )/ (1 + self.a['q"] * q_inst ) * self.RD['0"] / self.RD['90']
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self. K[2] = (1 - self.a['u'] * u_inst )/ (1 + self.a['u'] * u_inst ) * self.RD['45'] / self.RD['135']

def calc RD(self):
for key in self.R:
self. RD[key] = self.R[key] - self.D[key]

defcalc ¢ _and s(self):
self.s[1] = sin(self.eps[1])
self.s[2] = sin(self.eps[2])
self.c[1] = cos(self.eps[1])
self.c[2] = cos(self.eps[2])

def calc K(self):
self.K[1] =self.RD['0"] / self.RD['90']
self. K[2] = self.RD['45"] / self.RD['135']

def calc_delta I(self):
self.delta_I['0,90"] = (self.RD['0'] - self.K[1] * self.RD['90']) / (self.RD['0'] + self.K[1] *
self.RD['90']) * self.a['q']
self.delta_I['45,135"] = (self.RD['45'] - self.K[2] * self.RD['135']) / (self.RD['45'] + self.K[2] *
self.RD['135']) * self.a['u"]

def get main_numerator_q(self):
part 1 =self.q inst * self.s[2] * (self.s[1] + self.u_inst * self.delta I['0,90'])
part 2 =- (1 + selfiu_inst ** 2) * (self.c[2] * self.delta I['0,90'] - self.s[1] *
self.delta_I['45,135'])
part 3 =self.c[1] * self.q_inst * (self.c[2] + self.u_inst * self.delta 1['45,135'])
return part 1 + part 2 + part 3

def get main_numerator u(self):
part_1 =self.c[1] * self.c[2] * self.u_inst
part 2 = - (self.s[2] + self.q_inst**2 * self.s[2] - self.c[2] * self.q_inst * self.u_inst) *
self.delta 1['0,90'"]
part 3 =-self.c[1] * (1 + self.q_inst**2) * self.delta 1['45,135']
part 4 =selfis[1] * self.u_inst * (self.s[2] - self.q_inst * self.delta_I['45,135"])
return part 1 + part 2 + part 3 + part 4

def get main_denominator(self):
part_1 =selfis[1] * self.s[2]
part 2 =self.c[2] * self.q_inst * self.delta 1['0,90']
part 3 = self.s[2] * self.u_inst * self.delta 1['0,90']
part 4 = - self.q_inst * self.s[1] * self.delta 1['45,135']
part 5 =self.c[1] * (self.c[2] + self.u_inst * self.delta 1['45,135'])



return part 1 + part 2 + part 3 + part 4 + part 5

def calculate stokes parameters(self):
self.params_dict['q'] = self.get main _numerator q() / self.get main_denominator()
self.params_dict['u'] = self.get main numerator u() / self.get main_denominator()

obj = Calibration()

# test values

R ={'0": 1000,
'45": 5000,
'90": 7300,
'135" 1800}

# test values

D list={'0"[3.,4,5],
'45": [4,5,6],
'90": [6,7,8],
'"135"[5,6,7]}

obj.make calibration(R, D_list)
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